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Computational fluid dynamics (CFD) has been used to model 2-D well inflow over a 
range of permeabilities to study the impact of various well completion strategies (Augustine, 
2011). Augustine’s 2-D model was subsequently extended for 3-D flow by Thepporprapakorn 
(2013), for gas flow in the permeability range of tight gas (0.01 mD).  
This work presents a 3-D CFD model of gas inflow valid for extremely low ranges of 
permeability (0.00001 mD). In extremely low permeability, gas flow is complex and includes 
flow from fractures, flow through porous media, and diffusive gas transport. Diffusive gas 
transport is important when strong density and/or temperature gradients are present in the flow 
systems.   
The study introduces and applies the concept of three dimensions of extended Navier-
Stokes equation (ENSE) to assess the impact of mass diffusive transport in low permeability rock. 
Two dimensions of ENSE were proposed previously by Rajamani (2013).  
Core samples from the Huai Hin Lat formation, Thailand, were analyzed for rock 
properties, geomechanical properties, and used in flow experiments to validate the modeling.  CT 
scans were conducted on multiple planes of core samples, to identify fractures, which were 
included manually in the CFD modeling.   
Evaluations of the Huai Hin Lat shale indicate the shale has rock properties comparable 
to other commercial shales in the United States.   
Results of the CFD modeling demonstrate a relatively small impact (1%) of including 
three dimensional ENSE gas flow from extremely low permeability shale. The work provides an 
assessment of the importance of the diffusive flow contributions, in the range of extremely low 
permeability.  Results of this work are used to inform development of a single 3-D CFD gas flow 
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1.1. BACKGROUND AND OVERVIEWS 
Recent trends in world petroleum development and production have focused on 
unconventional gas reservoirs such as tight gas, shale gas, coal bed methane and gas 
hydrates, especially in the United States (US) and Canada. For example, the Barnett shale, 
Marcellus shale and Bakken shale are extensive unconventional reservoirs being 
produced in the United States. The Horn River formation and Montney shales are two 
unconventional shale developments in the Horn River Basin in British Columbia, Canada.  
Figure 1.1 shows the estimated shale gas and shale oil resource potential in the 
world. The largest quantities of shale gas and shale oil are in North America and Russia. 
However, the exploration and production procedures for unconventional reservoirs are 
obviously different from those used in conventional reservoirs. Therefore, the procedures 
used to develop this type of reservoir are quite complex. Several technologies are applied 
to unconventional reservoirs in order to improve the gas production from fields. Principal 






Figure 1.1. Estimated shale gas resource potential in the world for 2013 (U.S. Energy 
Information Administration, 2013). 
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Figure 1.2 shows the production behaviors of three unconventional gas wells- 
coalbed methane, tight gas sands, and shale gas. The production decline rate behavior 









Figure 1.3 shows the comparison of common properties for shale gas, tight gas, 





Figure 1.3. Comparison of shale gas, tight gas, and conventional gas  
(Kennedy et al., 2012). 
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The concept of gas flow in conventional reservoirs assumes Darcy flow through 
porous media.  This concept was initially applied to unconventional reservoirs.  Darcy 
flow assumes the total inflow is equal to the product of the permeability of the rock, the 
cross-sectional area to flow, and the total pressure drop (pb - pa), Darcy’s Law also 
implies that the gas is completely stored in the pores of the rock and flows through that 
space. The application of Darcy flow to unconventional, extremely low permeability 
reservoirs is inaccurate for two reasons.  First, gas stored in shale consists of free gas in 
the natural fracture and pore space in the rock matrix, adsorbed gas in the fracture wall 
and the surface of the matrix grain, and the soluble gas in kerogen or organic matter.  
Secondly, gas flow is much more complex than simple Darcy flow, as the gas flow from 
shale consists of flow contributions affected by the different kinds of gas storage 
mechanisms. Therefore, the historical methods of modeling flow from conventional 
reservoirs cannot be applied to unconventional reservoirs.  Fortunately there have been 
significant advances in understanding gas flow from unconventional reservoirs, which 
have led to new methods of description. (Javapoud, 2007) 
Traditional reservoir simulators are frequently used to model production, but most 
typically with large scales.  These simulators have been used successfully to model gas 
flow from shales (Swami et al., 2013 & Alnoaimi and Kovcek, 2013). However, their 
scale and grid sizes do not provide detailed definition of near-well bore phenomena and 
the impacts of changes in completions. 
Computational Fluid Dynamics (CFD) software has been used extensively to 
model flow through pipes and turbomachinery.  More recently, CFD has been used to 
model well inflow in 2-D, over a range of permeabilities (Augustine, 2011).  This 
modeling approach allowed investigation of the impacts of various completion 
parameters. 
This work seeks to develop a 3-D CFD model of gas inflow valid for extremely 
low ranges of permeability.  Core samples from the Huai Hin Lat formation were 
analyzed for rock properties and used in flow experiments to validate the modeling.  CFD 
modeling results were matched to the flow experiment results.  The model provides a 




1.2. RESEARCH OBJECTIVES 
The objectives of this research are: 
1. To develop a 3-D model of gas flow in CFD, and verify the flow equations 
against experimental data 
2. To improve reservoir knowledge of the Huai Hin Lat formation for shale gas 
development in Thailand. 
3. To study the method of applying CFD software to adapt to the gas flow in 
porous media in various flow regimes. 
4. To understand the gas flow characteristics in shale with consideration to the 
fluid flow in a natural fracture and rock matrix. 
 
1.3. THE SCOPE AND ASSUMPTIONS OF THE RESEARCH 
The scope and assumptions of this research consist of: 
1. The fluid in the system is only in the gas phase. 
2. The fluid flow in the system is a single phase flow. 
3. The system is an isothermal process 
4. The gas accumulating in the shale in the system is only in the pores of natural 
fractures and the matrix, and adsorbed gas in the fracture wall and surface 
area of the matrix grain. 
5. Only the gas flow in shale, including the gas flow in natural fractures and the 
shale matrix, will be examined in this study. 
6. The composition of gas in the system is homogenous. 
7. Shale samples from the Huai Hin Lat shale formation in Northeastern 
Thailand used in this research are representative of other gas-bearing shales 
being produced commercially. 
 
1.4. RESEARCH METHODOLOGY 
The methodology of this study consists of four sections including the literature 
reviews, experimental description, computation fluid dynamic model simulation results 




1.4.1. Literature Reviews. This section summarizes fundamental knowledge and 
the researches related to the study. The references and discussion are of the research 
methodology and divided according to shale and shale gas basic knowledge, gas flow 
mechanisms, measuring flow properties of rock in unconventional reservoirs and, 
computational fluid dynamics applications in porous media.  
1.4.2. Experimental Description, Results and Analysis. This section describes 
the rock samples and experiment used in this research. The section includes sample and 
formation description, the flow model details, experimental description and results, and 
other testing descriptions. The samples tested for this study were organic shale of Huai 
Hin Lat formation. This formation is believed to be an important source rock for the gas 
fields in northeast Thailand. In the addition, the experiment performed in this research 
was designed to measure the rock properties of the shale samples. The desired rock 
properties are the shale permeability, the shale pore size distribution, the average pore 
size diameter, the natural fracture characteristics of shale samples, and the rock mechanic 
properties of Huai Hin Lat shale samples.  
1.4.3. Computation Fluid Dynamic Model Simulation. This section describes 
the computational fluid dynamics (CFD) area of the work. The section includes the 
principle of CFD, the detail of core sample model development geometry and meshing, 
and the computer simulation analysis and results. This section also includes the model 
building and simulation used to evaluate the gas flow of the shale samples using the CFD 
application. The results of the CFD simulation were compared to the results of the 
experiment in order to study the potential of the CFD simulation for shale gas reservoir 
development. 
1.4.4. Research Conclusion and Discussion. This section explains the 
conclusion and discussion of this research. Figure 1.4 shows the flowchart of the research 










2. THEORETICAL BACKGROUND AND LITERATURE REVIEW 
 
This section contains the details of literature and theoretical background related to 
this study. There are four sections in this section.   
2.1. SHALE AND SHALE GAS BASIC KNOWLEDGE 
Sedimentary rocks are the most common rocks exposed on the Earth's surface. 
They are subdivided into five groups based on the grain size of the sediment including 
conglomerate/breccia, sandstone, siltstone, mudstone, and shale. Figure 2.1 shows the 





Figure 2.1. Sediment particles and detrital sedimentary rocks  
(Thompson & Turk, 1997). 
 
 
Shale or claystone is the sedimentary rock historically thought of as a 
hydrocarbon source rock, but now being developed as an unconventional shale gas 
reservoir. It consists mainly of silt- and clay-sized particles. Generally, the grain size 
distributions of shale are between 1/256 and 1/16 mm for silt grain and less than 1/256 
mm for clay particles. A rock-forming mineral of shale is very heterogeneous. 
Furthermore, shale also has the organic matter that accumulated during sediment 
deposition.  When that material was under high pressure and temperature conditions, it 
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generated hydrocarbon. That hydrocarbon migrated from the shale, the source rock, to a 
reservoir as sandstone or limestone. Historically, it has been believed that shale was only 
a source rock or seal for conventional petroleum systems. However, with technological 
advances in horizontal drilling and multi-stage fracturing shales became ‘unconventional 
reservoirs’ and began to be produced commercially. Shales are actually one type of 
unconventional reservoirs.  Others include coal bed methane and tight gas. Figure 2.2 





Figure 2.2. The resource triangle of natural gas (Holditch, 2006). 
 
 
Considering the unconventional shale gas reservoirs, the first shale gas field was 
developed in Devonian shale since 1890 (Smith et al., 1979) and it was proof that shale 
can be a petroleum reservoir. However, the fundamental knowledge of shale gas 
reservoirs, e.g. how gas flows from shale gas reservoirs, remains a significant question. 
One of the main issues for shale gas reservoirs is gas flow in a reservoir with extremely 
low permeability because shale grain size distribution is mainly very fine, resulting in 
extremely low permeability (0.000001 mD to 0.00001 mD). Fluids have difficultly 
flowing through porous media with such low permeability. Another problem for shale gas 
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reservoirs is reservoir heterogeneity because the rock properties of shale are controlled by 
the depositional environment; it affects the shale’s rock properties that control gas storage 
volume, and the gas flow characteristic of shale gas reservoirs.  
Table 2.1 shows the example rock properties of several shale gas formation in US. 
Important rock properties of each shale gas pay in US such as average porosity, average 
permeability, and TOC are different in each shale because of shale heterogeneity. 
 
 











Marcellus Argillaceous mudstone 6% 6% 1x10
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Conceptually, gas storage in shale consists of free gas in the natural fracture and 
the rock matrix, adsorbed gas on the fracture wall and the surface of the matrix grain, and 
absorbed gas or soluble gas in the kerogen or organic matter materials (Glorioso et al., 
2012).  Figure 2.3 shows a schematic petrophysical model of the rock without natural 
fractures. The fluid storaged in the kerogen are only free gas and adsorbed gas. The term 
kFF and kFF are the porosity of free gas and adsorbed gas in kerogen, respectively. The 
term FF is the porosity of free gas in inorganic matrix, PcBW is the porosity of bound 
water in capillary pore and CLBW is the porosity of clay bound water. Figure 2.4 shows a 
schematic model of gas-molecule locations in a small part of a kerogen grain pore system 





Figure 2.3. Schematic petrophysical model of the rock without natural fractures  





Figure 2.4. Schematic model of gas-molecule locations in a small part of a kerogen grain 
pore system of a mud rock (Javapour, 2009). 
 
 
Figure 2.5 depicts the plot of adsorbed and total gas content with respected to 
TOC of Barnett shale. This figure shows that the volume of adsorbed gas in shale 
reservoirs is important for the cumulative gas production from the shale gas reservoir, 




Figure 2.5. Adsorbed and total gas content with respected to TOC of Barnett shale from 
the T.P. Sims#2 well, Newark East field, FWB (Jarie,2004 & Wang et al. 2009). 
 
 
An understanding of micro-pores is very important for shale gas reservoir 
development. Some recent laboratory methods have been used to explain the micro-pore 
structure in shale such as x-ray computed tomography (X-Ray CT), scanning electron 
microscopy (SEM), and nuclear magnetic resonance (NMR) (Clennel et al., 2006). Figure 
2.6 is the SEM of a shale sample that show pores in the organic matter. Figure 2.7 shows 
an example of a high-resolution micro-CT volume used for a shale sample. Figure 2.8 
















Figure 2.8. 3D model of micro-CT for shale sample. Left: Rendered volume of a shale at 
the highest nano-resolution. Right: kerogen (green), disconnected pores (red) and 
connected porosity (blue) (Sisk et al., 2010). 
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The pore size distribution of shale or mud stone usually affects the flow regime 
characteristics of tight formations. Following the international union of pure and applied 
chemistry (IUPAC) pore-size classifications, the pores can be divided in micropores (for 
pore diameters < 2 nm), mesopores (for pore diameters 2-50 nm), and macropores (for pore 










It is difficult to evaluate the gas flow mechanisms in a shale gas reservoir because 
of the shale heterogeneity, different pore size distributions in shale, the shale 
permeability, and different in the gas that accumulated in shale. 
 
2.2. GAS FLOW MECHANISMS 
Flow rates obtained from applying Darcy’s law do not accurately evaluate the gas 
flow characteristics for extremely low permeability reservoirs. As with the pore size 
diameter of tight formations, the pore size ranges are micro-pore to nano-pore, and the 
gas transport in this situation is usually based on the principle of Knudsen number. Figure 






Figure 2.10. Chart relating pore throat, porosity, and permeability (Swami et al., 2012). 
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The Knudsen number is a dimensionless number. The definition of this parameter 
is the ratio of the molecular mean free path length to a representative physical length 
scale or characteristic length. Usually, this parameter is used to measure of the rarefaction 
or the density lowness of a gas (Civan, 2011).  




     ---- (1) 
where   𝑙ℎ is the characteristic length, 










    ---- (2) 
where  𝑘𝐵 = 1.381𝑥10
−23𝐽/𝐾 is Boltzmann constant,  
T is absolute temperature,  
?̅? is the absolute average pressure, 
d is the collision diameter of the gas molecules.  
Gas flow is classified in four flow regimes depending on the value of the Knudsen 
number. The flow regimes are viscous flow or no-slip flow, slip flow, transition flow or 
diffusion flow, and free molecular flow.  Table 2.2 shows the ranges of Knudsen number 
for any flow regime (Swami et al., 2012). Figure 2.11 shows the application range chart 
of gas flow regimes within a shale formation. Figure 2.12 shows the gas evolution and 
production in shale gas sediments at different length scales. (Javapour et al., 2007). 
 
 
Table 2.2. Fluid flow regimes defined by ranges of Knudsen number (Kn). 
Flow regime Knudsen number range 
Viscous flow ≤ 0.001 
Slip flow 0.001≤ Kn ≤0.1 
Transition flow 0.1≤ Kn ≤10 











Figure 2.12. Gas evolution and production in shale gas sediments at different length 
scales (Javapour et al., 2007). 
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Conceptually, gas in shale flows first from the free gas in the fracture pore 
network and then from the rock matrix. After reservoir pressure has been reduced (due to 
the free gas production), adsorbed gas in the fracture walls and matrix grains desorbs and 
flows to the wellbore.  The adsorbed gas volumes have significance for the shale gas 
volume estimations, especially when the reservoir pressure is low. Figure 2.13 shows the 
effect of reservoir pressure on the gas content of some US shale gas reservoirs. Finally, 
the accumulated gas in the kerogen diffuses from kerogen pores to the wellbore because 
of the different gas concentrations between outside and inside of kerogen pores.  Figure 
2.14 shows the schematic representation of the macroscopic flow process and self-






Figure 2.13. Effect of reservoir pressure on the gas content for five different shale 






Figure 2.14. Schematic representations of the macroscopic flow process and self-





Figure 2.15. The sequence of gas flow from shale reservoir (MacDonald et al., 2003). 
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Since the late nineteenth century, many studies have focused on the methods used 
to evaluate the gas volume and gas flow characteristics of shale gas reservoirs, especially 
Devonian shale in the eastern part of the US. Schettler (1976) proposed the numerical 
model that was derived using the principle of Fick’s law of diffusion. This model 
generated a successful history matching of actual shale productions for high, medium, 
and low volumes of gas well. Ertekin et al. (1986, & 1991) developed the dynamic 
slippage model that included the effect of gas flow in porous media and gas diffusion 
through porous media. The dynamic slippage model applied Darcy’s law and Fick’s law 
to evaluate the gas flow from tight formations based on the Knudsen number flow regime 
classifications. 
The dual-mechanism gas transport equation was proposed by Ertekin and King 







)𝐷2∇𝐶𝑔2]   ---- (3) 
The first and second terms in Equation 3 are the Darcy’s equation form and Fick’s 
law diffusion form, respectively. 
Civan (2002) presented triple mechanisms for gas flow in tight formations. These 
mechanisms evaluate the effects of viscous flow regime, Knudsen flow regime, and 
slip/transition flow regime and include the effect of gas dispersion to the proposed 
equation. Civan’s general equation is expressed by: 
?̇? = ?̇?𝑘 + ?̇?𝑠 + ?̇?𝑉      ---- (4) 
where ?̇? is the total mole gas flow rate through porous media  
and    ?̇?𝑘, ?̇?𝑠, and ?̇?𝑉 are the mole gas flow rate through the tubes involving the Knudsen, 
slip, and viscous flow regimes, respectively. 
Javadpour (2007, & 2009) studied the gas flow regimes in shale and mudstone 
based on the Knudsen number flow regime classifications. This research focused on the gas 
flow in macro-pores and nano-pores. The equations proposed by Javapour are expressed by 
Equations 5 and 6. 










For nano-pores, the total gas flux (J) that combines the Knudsen diffusion and slip flow is:  














    ---- (6) 









− 1)    ---- (7) 
The first and second terms in Equation 6 are the Knudsen diffusion equation and 
slip flow equation, respectively. 
Webb et al. (2003) studied the model of trace gas diffusions in porous media and the 
relationship of Fick’s law to the Dusty Gas Model. Another, more comprehensive approach 
for gas-phase transport in porous media has been formulated by Evans and Mason, and is 
referred to as the Dusty- Gas Model (DGM). DGM is the transport model that includes the 
Knudsen diffusion and advection with porous medium effects. This model applied the 
Advective-Diffusion Model compared to the Dusty Gas Model. Furthermore, the result of 
their study showed the effect of the correction factor to the ordinary diffusion mass flux 
calculations. The appropriate value of the correction factor for the nano-darcy scale is 
approximately 0.1 for pressure 1 atm and 0.5 for pressure 100 atm in order to achieve 
accurate calculation results. 
Sigal et al. (2008) studied the effect of self-diffusions of gas flow in shale. This 
research evaluated the effect of the diffusion permeability on the Darcy permeability. The 
research also proposed the effect of pressure to the diffusion permeability as shown in 
Figure 2.16. 
Considering Figure 2.16, the diffusion permeability decreased when the gas 
pressure increased. Therefore, the plot shows that the gas diffusion might not be 
significant under the high reservoir pressure conditions. Furthermore, this research also 
proposed the effect of gas pressure on the mean free path of methane and helium and the 
result is shown in Figure 2.17. Figure 2.17 depicts the mean free path as a function of 
reservoir pressure. When the reservoir pressure changed, the mean free path values of gas 
are also changed. Hence, the gas flow regime in reservoirs might also change because the 







Figure 2.16. The effective diffusion transport term kdiff for methane, treated as an ideal 





Figure 2.17. The mean free path in nanometers for helium and methane as a function of 





Akkutlu et al. (2009, & 2011) studied the multi-scale gas transport phenomena in 
organic rich shale. From their research, the SEM showed that the kerogen was a 
nanoporous organic matter material finely dispersed within the inorganic matrix.  

























)  ---- (8) 
𝜕𝐶𝑢
𝜕𝑡




















𝐷𝑠) (𝐶 − 𝐶𝑘)     ---- (10) 
Equations 8 to 10 define gas transport for linear flow and apply to both micro-
scale and meso-scale. Furthermore, Equation 8 was used for the free gas mass balance in 
kerogen, Equation 9 was used for adsorbed-phase mass balance in kerogen, and Equation 
10 was used for the free gas mass balance in the inorganic matrix. 
Michel et al. (2011) studied the shale gas production based on nano-scale pore 
size distributions, formation factor, and non-Darcy flow mechanisms. This research 
considered the combination of gas flow using the Knudsen flow regime and gas flow in a 
narrow capillary tube at the same time. The equation of volumetric fluxes of gas through 












                 ---- (11) 
Sakhaee-Pour et al. (2011) studied the in-situ shale permeability on the reservoir 
pressure and the effect of the adsorbed layer in sample conduit geometries as a function 
of gas pressure. Furthermore, the principle of the Knudsen number flow regime was 
applied to their research. The equation of permeability and total mass fluxes of a single-
size conduit from their research was expressed by 


















)               ---- (13) 
for transition flow regime, 











= [1 + 1.358𝑡𝑎𝑛−1(4𝐾𝑛0.4)𝑥𝐾𝑛] [1 +
4𝐾𝑛
1+𝐾𝑛
]   ---- (15) 
for free-molecular flow regime, 







      ---- (17) 
where 𝐽𝐾𝑛 and  𝐷𝐾𝑛 are the mass fluxes of the component and the Knudsen diffusivity 
coefficient, respectively. 
Clarkson et al. (2011) studied the gas flow in tight gas reservoirs and shale gas 
reservoirs using the principle of dynamic-slippage. The mathematical equation that was 
























)  ---- (18) 
Equation 18 describes the flow of gas through the 2-D shale matrix (Cartesian 
coordinates) with incompressible pore volumes. The parameter 𝑞𝑚 represents the gas 
flow from the organic matter micro-porosity (via diffusion) to meso-pores or macro-pores 
in the rock matrix, and 𝑞𝑠𝑐 represents the gas well productions or gas well injections. 
Slin et al. (2011) developed the conceptual model of gas flow to produce fromgas 
shale reservoirs. Their equation included the free gas flow from pressure variations, 













)     ---- (19) 
Azom et al. (2012) developed the Dual-continuum model to evaluate gas flow 
from shale. In this model, the gas flow patterns can be divided into 2 groups including the 
matrix continuum and the fracture continuum. The principle of slip-flow was applied to 
the matrix continuum model in order to evaluate gas flow, and the matrix continuum 

















)]   ---- (20) 















The fracture continuum model applied the principle of viscous flow to evaluate 

































               ---- (23) 
Xiong et al. (2012) introduced the transport model that included the impact of 
adsorption to the free gas flow mechanism and diffusion flow mechanism. Furthermore, 
this research also studied the impact of gas adsorption to the apparent permeability of 
shale gas reservoirs. The total mass fluxes in a single capillary tube that included the non-
Darcy Knudsen flow for free gas and the surface diffusion in the adsorbed layer are 
expressed by: 















    ---- (24) 
The first and second terms in Equation 24 are the free gas and the surface 
diffusion in the adsorbed layer, respectively. 
Alharty et al. (2012) studied the single phase flow of multicomponent gases 
including advection, diffusive, and Knudsen flow mechanisms for nano-pores. This 
research applied the concepts of dual-porosity and triple porosity finite-difference models 
to evaluate the gas flow in shale gas reservoirs. Figures 2.18 and 2.19 show the dual-










Figure 2.19. The triple-porosity network model (Alharty et al., 2012). 
 
 
Tables 2.3 and 2.4 are the concepts of flow mechanism and storage in different 
pore sizes used in their research. 
 
 
Table 2.3. The flow mechanisms in an all pore network model. 







Molecular Diffusion Darcy Flow Darcy Flow 
Knudsen or Slip Flow Knudsen or Slip Flow Knudsen or Slip Flow 
(Alharty et al., 2012) 
 
 
Table 2.4. The gas storage category in pore space. 
Type of  Gas Storages in Pore space 
Microscale Storage Mesoscale Storage Macroscale Storage 
Gas Adsorption 
on Organic Matter 
Free Gas Free Gas 
Gas Adsorption 





Free Gas (limited)   
(Alharty et al., 2012) 
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The conclusions of this research showed that the represented results of the 
physical flow in shale reservoirs using the triple porosity model were better than the 
results from the dual-porosity network model. 
Swami et al. (2012) studied the gas flow mechanisms in nano-pores as shale gas 
reservoirs, and their research emphasized the apparent permeability including the non-





































   ---- (25) 
 
Equation 25 consists of the viscous flow for the first term, the gas desorption flow 
for the second term, and the gas diffusion from kerogen for the third term. 
Swami (2012) also introduced the complete derivation equation for gas flow in 
the rock matrix, including the effects of gas desorption and diffusion from kerogen, and 
the equation of the gas flow in fractures that also included the effect of mass fluxes from 
the matrix. Equations 26 and 27 were proposed by Swami.  
𝑐𝛼3𝐷𝑘(𝐺𝑘 − 𝐺𝑚)𝜌𝑛𝑡𝑝𝑓𝑘 +
𝜌𝑛𝑡𝑝𝜌𝑏𝑖𝐺𝐿(1−𝑚)𝑉𝑏
𝜏2

























    ---- (27) 
Equation 26 is used to evaluate the gas flow from the matrix with effects of the 
gas desorption and diffusion from kerogen. Equation 27 is used to evaluate the mass flux 
from the rock matrix to the fracture.  
Swami et al. (2013) proposed the formula of a flow model for gas shale 
reservoirs. Their model considered the effects of gas flow and gas storage in the micro-
fractures, nano-pores, the gas adsorbed on the pore walls, and the gas dissolved in the 
kerogen bulks. Furthermore, this research also applied the numerical model to evaluate 
gas in laboratory experiments. Their research showed the values of matrix permeability 
had been improved significantly by the effects of slippage and Knudsen diffusions. 
Figure 2.20 shows the experimental data used for Swami et al.’s study. Figure 2.21 shows 





Figure 2.20. The experimental data of flow regime evaluation for shale sample (Javapour 





Figure 2.21. The simulation results using the proposed model of Swami et al.’s study 




Moghanloo et al. (2013) studied methane diffusion in kerogen, including gas 
diffusion within the organic matter and gas diffusion from the organic matter to the rock 
matrix. Their proposed flow equations are expressed by Equations 28 to 30. 











)    ---- (28) 
and   𝐷𝑒,𝑜𝑚 =
𝐷𝛿
𝜏(𝑜𝑚+𝑘𝑑𝜌𝑜𝑚)
                ---- (29) 











)    ---- (30) 
The conclusions of this research showed the significance of gas diffusion to the 
total gas in place volumes and gas production forecasts. 
Shi et al. (2013) studied the gas flow mechanisms in shale gas reservoirs based on the 
Knudsen number flow regime classifications. This study emphasized the apparent 
permeability of the gas flow in nano-scale media. The total apparent gas permeability model 










































The conclusions of their research showed that the Darcy flow, slip flow, and 
transition flow regimes only affected the gas flow characteristics of shale gas reservoirs, 
but the molecular free flow regime (Kn > 10) was not suitable for the shale gas 
reservoirs. 
Gas flow from shale reservoir usually consists of different kinds of gas, including 
the gas diffusion from the kerogen or organic matter, the gas desorption from the rock 
matrix surface and fracture walls, and the free gas in the rock matrix and fractures. 





2.3. MEASURING FLOW PROPERTIES OF ROCK IN UNCONVENTIONAL 
RESERVOIRS 
Generally, the methods used to measure the rock properties relating gas flow in 
shale are adapted from conventional methods. The examples of rock properties that have 
been used to evaluate gas flow in shale are the pore structure, the pore size distributions, 
the gas volumes in shale, and the permeability of shale.  
The pore structure of shale defines a specific surface area. Normally, this 
parameter affects the values of shale permeability, especially when considering the gas 
sorption. The methods used to estimate the specific surface areas per unit volume are the 
petrographic image analysis (PIA), the gas adsorption method, and the nuclear magnetic 
resonance (NMR). The results of each method use different scales. The NMR is used for 
sub-electron measurements, the gas adsorption method is used to explore electron levels, 
and the PIA is proper for pore-level evaluation. (Engler, 2010). 
Permeability is an important rock property because it defines the rock ability to 






       ---- (32) 
According to Darcy’s equation, permeability can be determined under steady-state 
conditions by measuring the flow rate under a constant pressure drop. This technique is 
both efficient and accurate for measuring permeability in highly permeable rock. The 
average permeability is more than 100 md. However, for extremely low permeability or 
‘tight’ rock such as shale, the steady-state method is impractical and difficult to apply 
because it takes an unreasonably long time to obtain results. So, the permeability in tight 
rock is generally measured using unsteady-state flow techniques on core plugs or crushed 
rock.  Examples of unsteady techniques for low permeability rock measurement include 
the oscillating pulse method, the pulse decay method, and the gas research institute (GRI) 
method (Tinni et al., 2012). The preferred technique for measuring permeability in low 
permeability reservoirs is the GRI method. This method is an unsteady gas pressure-
decay technique applied to a finely crushed rock sample, but the results obtained using 
this technique still not considered accurate (Sinha et al., 2012). Figure 2.22 is the 





Figure 2.22. Schematic of the apparatus used for GRI permeability measurement  
(Tinni et al., 2012). 
 
 
Another method for measuring permeability in tight rock is the pulse decay 
method. This method was introduced by Brace et al. in 1968. The pulse decay method 
applies pressure at the upstream end of a core plug and records the upstream and 
downstream pressure values as a function of time. Figure 2.23 shows a schematic of the 





Figure 2.23. Schematic figure of the transient pulse decay system (Gao et al., 2013). 
 
 
For decades, unconventional reservoirs have been explored and developed in the 
US and Canada. Many studies have emphasized methods to obtain accurate rock 
properties. Amaefule et al. (1986) studied the transient pulse decay technique for an 
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effective liquid permeability determination in low permeability reservoirs. The 
experimental system used in their research is shown in Figure 2.24. The samples used in 
their research were low-quality rock from Santa Barbara, Coconico, Tory, and Nugget A-






Figure 2.24. Schematic of experimental system for the transient pulse decay test 




Tang et al. (2005) studied the enhanced coalbed methane recovery using the gas 
injection. This research applied some experiments to measure the coal porosity, 
permeability, and gas volume adsorption. The main gas in their experiment was helium 
gas because helium does not adsorb in the coal. The gravimetric method was applied to 
measure the gas adsorption in coal. Figure 2.25 shows the schematic of the experiment 





Figure 2.25. Schematic of experimental components for sorption, permeability, and 
displacement experiment (Tang et al., 2005). 
 
 
Lin et al. (2007) studied the sensitivity of coal permeability for the gas sorption 
during the gas injection process. The experiment schematic conducted in their research is 





Figure 2.26. Schematic of experimental set up for measuring the permeability  





Fontoura et al. (2007) investigated the nature of shale interactions for the pressure 
diffusion throughout the rock, and the ion diffusion associated with the contact of saline 
drilling fluid with shale. In their experiment, they tested shale samples that were collected 
from the Norwegian North Sea and Campos Basin, Brazil. A schematic of the pressure 











Figure 2.28. The result of the pressure transmission test on the shale sample  
(Fontoura et al., 2007). 
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Akkutlu et al. (2011) studied the gas transport in the local kerogen of shale. Their 
research introduced the gas transport equations of the micro-scale and meso-scale media. The 
























)  ---- (33) 
𝜕𝐶𝑢
𝜕𝑡




















𝐷𝑠) (𝐶 − 𝐶𝑘)    ---- (35) 
 
Equations 33 to 35 were used to investigate the gas transport in their experiment 
using the pressure pulse decay technique. Figure 2.29 shows a schematic of the pressure 
pulse decay apparatus in this research, and Figure 2.30 shows the results of the pressure 










Figure 2.30.The result of pressure transient curves for Barnett shale (Akkutlu et al., 2011). 
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Sinha et al. (2012) presented the permeability measurement standard for low 
permeability samples. The proposed experiment measures ranges of rock permeability 
between 10 nanoDarcy and 10,000 nanoDarcy. The experiment adapts the permeability 
measurement of API steady-state methods and computer technology applications to 
control the process of the experiment. For samples with permeability greater than 100 
nanoDarcy, the measurement times of the experiment are less than a few days. However, 
if the sample is extremely low in permeability, then the desired times for permeability 
measurement are longer. Furthermore, the sample geometry also affects measuring times.  





Figure 2.31. Schematic of steady-state apparatus for measuring permeability on very tight 
samples (Sinha et al., 2012). 
 
 
Tinni et al. (2012) measured the permeability on plug and crushed shale samples. 
They used the GRI technique to measure the permeability of crushed samples, and they 
applied the pressure build up technique to measure the plug permeability. The 
Ordovician- and Devonian-age shale samples were analyzed in this research. Figure 2.32 





Figure 2.32. The results of using pressure build up technique for plug permeability 
measurements (Tinni et al., 2012). 
 
 
The permeability value from the pressure build up experiment can be calculated 




      ---- (36) 
where  s is the slope of the plot in Figure 2.32, 
 𝛽 is the gas compressibility , and 





    ---- (37) 
 
Figure 2.33 is the natural log of the differential pressure (difference between 





Figure 2.33. Plot of natural log of the differential pressure as a function of time  
(Tinni et al., 2012). 
 
 
Alnoaimi et al. (2013) studied the gas transport in shale formations including the 
effect of gas desorption. This research applied the pressure pulse decay experiment to 
evaluate the gas flow in the Eagle Ford Shale samples. The samples were heated in a 
vacuum oven for three days at 65.5C in order to remove any residual moisture. Then, the 
samples were wrapped with aluminum foil and nickel foil for diffusion barriers. This 
process was used to prevent the gas from flowing from the core sample to the confining 




Figure 2.34. Schematic of the experimental set up (Alnoaimi et al., 2013). 
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This research also applied the numerical method to simulate the gas flow from 
core samples compared with the results of the experiment. The general equation of their 






















+ (1 − )𝜌𝑚𝑉𝑔] ---- (38) 
Figure 2.35 shows the numerical pulse decay 2-D model of their research, and 















Aljamaan (2013) studied the shale porosity, the shale permeability, and the excess 
desorption measurements utilizing the pulse decay technique to understand the 
connectivity and flow mechanism of the shale gas reservoirs. The samples used in his 
research were collected from Barnett Shale formation. The pressure transient pulse decay 
analysis was used to measure the sample permeability and this research also applied the 
several types of gas, including He, N2, CH4, and CO2, in order to compare the effect of gas 
composition on the sample porosity and permeability values. Figure 2.37 is a schematic 
of the permeability measurement system used in this research. Figure 2.38 shows the 











Figure 2.38. The results of CO2 upstream and downstream pressure profile at varying 
initial conditions (Aljamaan, 2013). 
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Based on the literature review of tight rock flow experiment, the transient pulse 
decay method was selected to measure the permeability of the Huai Him Lat shale 
samples in this study. The concept of the transient pulse decay experiment was also 
adapted to analyze flow characteristic of gas through the sample. Results of these 
experiments were used to calibrate the simulation model in this study. 
 
2.4. COMPUTATIONAL FLUID DYNAMICS APPLICATIONS IN POROUS 
MEDIA 
Computational fluid dynamics (CFD) is the analysis of a system involving the 
fluid flow phenomena and the heat transfer process, using the computer simulation 
application. This application is a very powerful tool, and its applications have been used 
in a wide range of industries such as aerodynamic areas, hydrodynamic areas, combustion 
applications, turbo machinery designs, chemical process engineer, etc. CFD applications 
have also been used in the petroleum industry as well as drilling fluid flow simulations, 
Reservoir flow simulations and production flow simulations. 
CFD software consists of three modules including the pre-processor, the solver, 
and the post-processor. The pre-processor is the input module of the CFD. The function 
of this module is to input the flow problems into CFD. Then, the solver module evaluates 
the input data using the finite volume method applications. Finally, the post-process 
module will develop and present the calculation results that refer to the user setting 
requirements.  Figure 2.39 is an example CFD workflow. 
CFD has historically been used to model flow through pipes, but more recently 
has been applied in modeling flow through porous media.  The following are 
representative studies of CFD modeling in porous media. 
Won et al. (2008) applied the CFD software to study the dynamic filtration process 
and the related penetration of mud filtrated invasions into the gas and oil bearing reservoirs 
for a vertical openhole system. In their research, the unsteady-state 3-D multi-phase fluid 
flow model of mud filtrated invasions was developed by CFD and the simulation model 
was validated using the published data. One of the conclusions showed that the numerical 
algorithms can be used to predict the depth of invasion of the drilling fluid. Therefore, CFD 





Figure 2.39. CFD (FLUENT) workflow (Theppornprapakorn et al., 2014). 
 
 
Byrne et al. (2009) studied the near wellbore flow model using the CFD 
application. The research created and simulated the model for 2 cases, including a long 
horizontal wellbore with sand control in two dimensions and the vertical gas well with 
multiple layers of different reservoir qualities and damage sensitivities. The research 
showed that the CFD can be used to predict wellbore performances and it can help in the 
drilling method selection, drilling fluid selection, completion selection, and even well 
type selection. 
Byrne et al. (2010) presented the application of complex 3D CFD models to 
predict and mitigate against asymmetric formation damage in horizontal wells. The 
created models consist of several completion details such as the perforations, the slotted 
liner, the gravel pack, the drainage area, and the horizontal sections of the well. Figure 
2.40 shows the vector profile along the horizontal well of this research. The research 
concluded that the CFD can efficiently simulate the well inflow potential or the fluid flow 





Figure 2.40. Vector profile along horizontal well (Byrne et al., 2010). 
 
 
Zeboudj et al. (2010) applied the CFD software to describe the flow in horizontal 
oil wells. The research considered the overall pressure drops in the pipe measured by 
experimental and CFD simulations. The research showed that the well deliverability can be 
simulated using CFD, and the simulation results are similar to the results of the experiment. 
Rasouli et al. (2010) studied the numerical analysis of fluid flow through a rough 
natural fracture using FLUENT software. Results of the fluid flow simulations indicated 
the effect of a fracture surface roughness and a fracture opening had on the pressure drop. 
Sun et al. (2011) simulated the production flow of the cased-and-perforated 
wellbore for the 3D geometric formation using CFD. This research considered the effects 
of the drilling damage, the perforation damage, and the anisotropy. The computed skin 
was compared with the semi-analytical skin model used for the industry. The research 
showed good comparisons between the skin factors calculated by the CFD software and 
the model for most cases.  
Byrne et al. (2011) used the CFD to predict the inflow performance in wells and 
reservoirs. The research also compared the simulation results of the CFD to the results of 
the theoretical Darcy flow calculations. Figure 2.41 shows the comparison of the research 
results. The research concluded that when the well geometry has a degree of complexity, 






Figure 2.41. CFD versus Darcy flow under different drawdown conditions 
(Byrne et al., 2011). 
 
 
Augustine (2011) analyzed and compared production between openhole 
completion and cemented completions using a 2-D flow simulation. The 2-D reservoir 
model of Augustine’s study applied the concept of “equivalent length” to analyze the gas 
flow over a range of permeabilities. The equivalent length parameter combined the flow 
resistance from the radial flow component together with the reservoir length (L). An 
analytical simplification was used to reduce the 3-D flow problem to 2-D.   
Figure 2.42 shows a diagram of the 1/4 of the 2-D edge drive reservoir model of 
Augustine’s study, and Figure 2.43 also shows half of the edge-drive reservoir model in 
which reservoir radius (re), reservoir pressure (Pe), reservoir height (h), well radius (rw), 
and well pressure (Pw) are defined. 
CFD software was applied to evaluate the gas flow over a range of permeability 
with the effects of openhole completion and cementing completion. The flow patterns 
inside the 2-D reservoir model consisted of the fracture from the hydraulic fracturing, the 
flow in porous media, and the flow in the wellbore. Figure 2.44 shows the CFD 















Figure 2.44. Flow rate vector profile of the 2-D reservoir model (Augustine, 2011). 
 
 
The results of the simulation were presented in a manner similar to the McGuire-
Sikora curves. The ratio of a vertical to horizontal permeability, a reservoir height, a 
reservoir aspect ratio, and a penetration ratio were analyzed in this study. Figures 2.45 












Figure 2.46. The results of Augustine’s study: influence of completion type and kV/kh 
ratios (Augustine, 2011). 
 
 
Augustine’s study showed the negative impacts of a cemented completion can be 
significant for low relative conductivities. However, the effect of natural fractures inside 
a formation was excluded in the Augustine’s study. 
Theppornprapakorn et al. (2014) extended Augustine’s model for gas flow in the 
range of tight permeability (~0.1 mD).  He applied CFD to compare production from plug 
and perf completions and openhole sleeve multi-stage completions. The CFD software 
used in his study was FLUENT. 
In the study, Theppornprapakorn et al developed both unstimulated and stimulated 
models. The unstimulated model was developed based on the edge-drive 2-D reservoir 
model used by Augustine (2011) shown in Figure 2.42. The conceptual model of the 
unstimulated well is shown in Figure 2.47. The unstimulated model was compared 
against Darcy flow equations for gas, including non-Darcy flow effects. After verifying 
the unstimulated model, a constant-width transverse fracture was introduced to create the 
stimulated model. Figure 2.48 shows the conceptual model of the stimulated model. 
Figure 2.49 shows half of the horizontal well domain with a hydraulic fracture created by 





Figure 2.47. Conceptual model of the un-stimulated well  













Figure 2.49. Half of the horizontal well domain with a hydraulic fracture in CFD 
(Theppornprapakorn et al., 2014). 
 
 
Theppornprapakorn et al. (2014) plotted productivity ratios as a function of 
dimensionless fracture conductivity investigating effects of the fracture conductivity, the 
penetration ratio, and the vertical permeability to horizontal permeability ratio on the gas 
production of the P-n-P completion and the OHMs completion. Figures 2.50 and 2.51 are 








Figure 2.51. The plot of the influence of kV/kh ratios (Theppornprapakorn et al., 2014). 
 
 
Based on the information collected in the literature review and shown above, it 
showed that the CFD application can simulate the gas flow in a tight permeable formation 
using both a 2-D and a 3-D reservoir model. One of the goals of this study was to 
evaluate the effect of a natural fracture on gas flow from a tight shale formation using the 
CFD application. 
Augustine’s study introduced the relative conductive term. This term is not 
common for hydraulic fracturing design, while Theppornprapakorn’s study used 
dimensionless fracture conductivity. It was also difficult to compare the results of 
Theppornprapakorn’s 3-D model to that of Augustine’s 2-D model because the different 
meaning of term of both works. Figure 2.52 highlights the range of permeability 




Figure 2.52. Range of permeability studied by Theppornprapakorn et al. (2014). 
 
 
As noted previously, this current study models gas flow for the extremely low 
permeability range (shales), as shown in Figure 2.53.   Since the flow characteristics are 
more complicated than Darcy flow, the model of Theppornprapakorn could not be used 
directly and a new model based on experimental flow data was required.  The following 









The research methodology consisted of conducting flow experiments on 
representative shale samples, to ascertain their pressure-flow characteristics and 
permeability.  FLUENT software was used to program appropriate gas flow equations for 
different flow regimes expected.  The model was calibrated against the experimental data.  
Results were compared with the historical work of both Augustine and 
Theppornprapakorn, and a method of coupling the extremely low permeability model 


























3. EXPERIMENTAL DESCRIPTIONS, RESULTS AND ANALYSIS 
 
This section describes the rock samples and experiments conducted in this 
research. The discussion includes a description of the formation samples, details of the 
flow model, the experimental description and results, and descriptions of other tests 
conducted. 
 
3.1. FORMATION AND SAMPLES DESCRIPTION 
The samples in this research are black organic shale. They were collected from the 
Huai Hin Lat shale formation. This formation is believed to be an important source rock 
for the gas fields in northeast Thailand.  
The Huai Hin Lat group is found within the Khorat basin in Northeast Thailand. 
The estimated area of the Khorat basin is 35,000 mi2, which makes it the largest onshore 
sedimentary basin in Thailand (ARI, 2013). There are two formations within the basin 
believed to be potential sources of the hydrocarbon systems in this area.  These 
formations include the Huai Hin Lat and Nam Duk formations as shown in Figure 3.1. 
Figure 3.1 shows the stratigraphy and petroleum systems of Khorat basins and highlights 
the source potential of both the Huai Hin Lat and Nam Duk formations. 
The Huai Hin Lat formation consists mainly of fluvio-lacustrine sediments of Late 
Triassic (Norian) age. Chonglakmani and Sattayarak (1978) suggest that the Huai Hin Lat 
formation was deposited in half-grabens and consists predominantly of clastic sediments 
from alluvial fan, restricted lacustrine and fluviatile facies. 
Petroleum exploration in the Khorat Plateau commenced in 1962. During the 
period of 1962-1972, small amounts of natural gas were found. Two gas fields have been 
discovered and commercially produced in the Khorat Plateau since 1988.  The lacustrine 
facies of the Huai Hin Lat formation is believed to be one of the main source rocks of this 
gas production (Arsairai et al., 2014).  
For this research, seven shale samples from the Huai Hin Lat formation were 
used in the flow model experiment. All samples were collected from a shale outcrop near 
Highway 2216 in the Nam Nao District, Phetchaboon Province in northeast Thailand. 










Figure 3.2. The location of the sample collection area. 
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These samples were prepared to be cylinder cores. The cylinder core samples 





Figure 3.3. The dimensions of the cylinder core samples used in this study. 
 
 
Five of these samples were drilled parallel to the formation bedding plane, and 
two samples were drilled perpendicular to the bedding plane.  This provides the ability to 
characterize the formation characteristics in both flow directions.  Table 3.1 summarizes 
the seven samples (denoted HHL-1 through HHL-7) their orientation, and the estimated 
dimensions of all samples, and Figure 3.4 depicts the seven samples used in the study. 
 
3.2. EXPERIMENTAL METHODS 
The experiment performed in this research was designed to measure the rock 
properties of the shale samples. The desired rock properties were the shale permeability, 
the shale pore size distribution, the average pore size diameter, the natural fracture 
characteristics of shale samples, and the rock mechanic properties of Huai Hin Lat shale 
samples. Furthermore, the characteristics of gas flow through the porous media of the 






Table 3.1. The sample characteristics. 





1 HHL-1 Shale Cross Flow 3.087 1.51 
2 HHL-2 Shale Parallel Flow 2.965 1.471 
3 HHL-3 Shale Parallel Flow 2.97 1.472 
4 HHL-4 Shale Parallel Flow 3.046 1.508 
5 HHL-5 Shale Parallel Flow 3.078 1.47 
6 HHL-6 Shale Cross Flow 3.095 1.475 






Figure 3.4. Shale samples in this study from the Huai Hin Lat formation. 
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Three categories of the rock and flow properties measurement were setup in this 
study are:  
a) Shale permeability measurement 
b) Gas flow characteristics measurement 
c) Other shale sample properties measurement 
3.2.1. Shale Permeability Measurement. The shale permeability measurement 
that was performed in this study is based on the unsteady-state flow technique. This 
technique is appropriate for a low permeability rock such as shale or tight sand. Examples 
of the unsteady-state flow technique are the oscillating pulse method, the pulse decay 
method, and the Gas Research Institute’s ‘GRI’ method. 
For this study, the transient pressure pulse decay method was applied to determine 
the permeability of the shale samples. The transient pressure pulse decay method was 
introduced by Brace et al. in 1968. This method applies pressure at the upstream end of a 
core plug and records the upstream and downstream pressure values as functions of time. 





Figure 3.5. Schematic of the transient pulse decay system (Gao et al., 2013). 
 
 
An experimental apparatus was constructed, as shown in Figure 3.6, consisting of 
a pressure tank, control valves, and a core holder.  The upstream pressure (PU) was 
measured with a gauge on the left-hand-side of model, and the downstream pressure (PD) 












Figure 3.6. Schematic of pulse decay experimental system used in this study. 
 
 
For the experiment, a core plug was installed inside the model, and both ends of 
the core plug were sealed by rubber O-rings that fit tightly inside the metal jacket. The 
pressure tank was connected to the left-hand-side of the model, as shown in Figure 3.6.  
The upstream valve was opened, allowing gas to flow through the core sample inside the 
model.  Both the upstream and downstream pressures were recorded versus time. Figure 





Figure 3.7. Photo of the experimental apparatus used in this study. 
 
 
Model    
 
















  V C 
Control Valve Control Valve 
heck Valve 
Digital Pressure Gauge 




The apparent gas permeability can be calculated using the measured upstream and 
downstream pressures, based on the method of Brace et al. (1968). The method uses the 
natural logarithm of the difference between the upstream pressure and downstream 
pressure plot versus time. Two example plots of the method are shown in Figures 3.8 and 
3.9.  Figure 3.8 is the plot of the upstream pressure and downstream pressure versus time, 
and Figure 3.9 is the logarithmic decay of the difference in the upstream pressure to the 
downstream pressure. 
The pressure relationship proposed by Brance et al. (1968) is expressed by:  
∆𝑃(𝑡) = ∆𝑃𝑜𝑒
−𝛼𝑡 ,     ---- (39) 
where   t is testing time, 
∆𝑃(𝑡) is the differential pressure of the upstream and downstream pressures,  
 is a decay time constant equal to the slope of plotting the decay curve in terms 





Figure 3.8. The plot of the upstream pressure and downstream pressure versus time 






Figure 3.9. Logarithmic decay of difference in upstream and downstream pressures 
(Heller et al., 2014). 
 
 
The apparent permeability was calculated using the slope of the plot in Figure 3.9. 




,      ---- (40) 
where    is the slope,  
k is the apparent permeability,  
A is the cross-section area of the core cylinder,  
 is the gas compressibility,  
𝑉𝑑𝑜𝑤𝑛 is the downstream volume, L is the length of core sample,  
 is the gas viscosity. (Heller et al., 2014). 
 
Sutherland and Cave (1980) proposed a modified permeability equation from the 










where  m is the slope of the plotting in Figure 3.9,  
k is the apparent permeability, A is the cross-section area of the core cylinder,  
 is the compressibility of the gas, 𝑉𝑈𝑝 is the upstream volume, 
𝑉𝑑𝑜𝑤𝑛 is the downstream volume, L is the length of the core sample,  
 is the gas viscosity. (Zhang et al., 2013). 
 
In this research, the permeability calculation methods of both Brace and 
Sutherland and Cave were used and compared. 
In addition to the pressure experiments, two samples (HHL-2 and HHL-5) were 
analyzed using the high-pressure porosimetry analysis (MICP) to evaluate the average 
pore size diameter and pore throat distribution. The principle of MICP analysis is to 
displace mercury into the sample, which creates the mercury capillary pressure curve as 
shown in Figure 3.10. The characteristics of the curve are dependent on the pore size 
distribution and tightness, rock and fluid type, and mercury saturation pattern (intrusion 





Figure 3.10. Mercury intrusion and extrusion data from a mercury capillary pressure 





The permeability was calculated using the mercury capillary pressure data 
according to Equation 42, which is a combination of Darcy’s law and Poiseuille’s law. 
The permeability equation is expressed as: 




,      ---- (42) 
where  is the rock porosity, di is the average pore size diameter, and  is the effective 
tortuosity of the pores (if the pore spaces are assumed to be straight and cylindrical 
capillaries, the effective tortuosity is equal to 1). 
3.2.2. Gas Flow Characteristic Measurement. The gas flow characteristic using 
shale samples used in this study represents the characteristic of gas flow through shale in 
general. The concept of this experiment is similar to the rock permeability measurement 
concept. The experiment components consisted of many items, including a high pressure 
tank, a flow line and connection, a ball valve, a digital pressure gauge, a core holder, and 






Figure 3.11. The research experiment components: A is the digital pressure gauge and 
ball valve, B is the high pressure tank and flow line, C is the core holder, and D is the 















The gas flow experiment in this study was designed to measure the gas flow 
characteristics under a confined gas volume condition. Four samples (HHL-1, HHL-4, 
HHL-6, and HHL-7) were analyzed using this method because of the various 
permeability ranges of these samples. Refer to the permeability values of the tested 
samples as show in table 3.2, samples HHL-4 and HHL-7 represents to low and high 
horizontal permeability, respectively. Samples HHL-1 and HHL-6 also represents to low 
and high vertical permeability, respectively.  The average initial upstream pressure of the 
flow testing was approximately 800 psi, and it was tested using standard air at room 
temperature in order to get the flow parameters and characteristics.  
The procedures for gas flow testing under confined volume conditions are: 
1. Heat the samples in order to remove any liquid inside the core sample, and 
take them into the core holder with the proper O-ring. 
2. Inject the standard air into the high-pressure tank until the tank pressure 
reaches the desired pressure. Then, connect the flowline from the high-
pressure tank to the core holder. 
3. Check that the upstream valve is opening and the downstream valve is 
closing. 
4. Release the gas from the high-pressure tank using the tank valve.  The gas 
inside the tank flows to the core holder and saturates the core sample with gas 
until the upstream and downstream pressure values at the gauges are nearly 
equal. During the saturated process, record the upstream pressure and 
downstream pressure values as functions of time. 
5. After the core sample is saturated with gas, connect the gas-water 
displacement model and the flowline to the downstream valve. Close the 
upstream valve, and remove the high-pressure tank carefully. Allow the gas 
inside the testing sample to flow from the core holder to the gas-water 
displacement model by turning on the downstream valve. Then, record the 
mass of water displaced by the flowing gas until the gas accumulated in the 
upstream direction is empty. The value of the upstream pressure at the gauge 




6. Calculate the gas volumes and the mass flux that flows through a core sample 
using the gas law (the water displaced by gas is equal to the volume of the gas 
that flows through the core sample). 
 
Figure 3.12 depicts the complete set of gas flow model testing under the confined 









3.2.3. Other Sample Properties Measurement. There are two other rock 
properties using in this work. The first property is dimension and orientation of natural 
fractures inside rock samples, the second is geomechanic properties.  
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Knowledge of the geomechanical properties of a shale formation is quite 
important for shale gas development. The samples from the Huai Hin Lat shale formation 
were analyzed using a tri-axial compression test. The experiment evaluated the Poisson’s 
ratio, and Young’s modulus of the Huai Hin Lat shale formation.  
A CT scan analysis was applied to evaluate the natural fracture characteristics of 
the Huai Hin Lat samples. The results of this analysis were also used to create a 3-D 
model of the core sample, and this model was analyzed using the CFD application in 
order to evaluate the gas flow inside the shale samples. 
 
3.3. EXPERIMENTAL RESULTS 
This step included the experiment results and their analysis. The data to be 
obtained from the experiments were the shale permeability, the gas flow characteristics 
inside the shale samples, the rock mechanic properties of the Huai Hin Lat shale sample, 
and the natural fracture characteristics of shale samples. All data were summarized and 
compared with the result of the CFD simulation. 
3.3.1. Huai Hin Lat Rock Properties. All samples used in this study were 
organic rich and fine-grained from the Huai Hin Lat shale formation.  Following prior 
geochemical analysis of the Huai Hin Lat shale samples (Arsairai et al., 2014), the ranges 
of total organic content (TOC) were between 1.9% and 7.1%, and the average TOC value 
for the was approximately 4.9%. A MicroCT analysis showed that the porosity of the 
Huai Hin Lat shale samples varied from 8.64% to 14.65%. A field emission scanning 
electron microscopy (FESEM) also showed the small natural fracture inside the Huai Hin 
Lat shale samples. Figure 3.13 shows the characteristic of a small natural fracture in the 





Figure 3.13. The natural fracture inside the Huai Hin Lat shale samples  
(Arsairai et al., 2014). 
 
 
Permeability calculation results using the transient pulse decay analysis of this 
study present as below. Figures 3.14 to 3.19 show the upstream and downstream pressure 































Cumulative Time (second) 
The Upstream and Downstream Pressure vs Time of Shale HHL-1 
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Upstream and Downstream Pressure vs Time of Shale HHL-4 
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Upstream and Downstream Pressure vs Time of Shale HHL3 
 
Cumulative Time (second) 























0 50000 100000 150000 200000 250000 300000
Upstream and Downstream Pressure vs Time of Shale HHL-6 
 






























Upstream and Downstream Pressure vs Time of Shale HHL-5 
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Figure 3.20. Pressure pulse decay result of sample HHL-7. 
 
 
Figures 3.21 to 3.27 present the accompanying logarithmic decay plots of the 
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Upstream and Downstream Pressure vs Time of Shale HHL-7 
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Finally, the values of the apparent permeability were calculated using Equations 
40 and 41, and are summarized in Table 3.2. 
 
 









Pulse Decay Permeability (D) 
Brace et al. Sutherland & Cave 
1 HHL-1 Shale Cross Flow 21.75 23.39 
2 HHL-2 Shale Parallel Flow 137.66 141.7 
3 HHL-3 Shale Parallel Flow 127.1 130.83 
4 HHL-4 Shale Parallel Flow 87.54 90.11 
5 HHL-5 Shale Parallel Flow 269.31 277.21 
6 HHL-6 Shale Cross Flow 311.31 320.43 
7 HHL-7 Shale Parallel Flow 260.25 267.88 
 
 
The average pore size diameter and the sample permeability calculation results of 
the shale samples from the MICP analysis were shown in Table 3.3.   The sample 
permeability was calculated using Equation 42. The pore effective tortuosity () was 1 for 
these calculations, assuming the pores were straight and cylindrical capillaries. Figures 














1 HHL-2 Shale 0.01279 201.93 
2 HHL-5 Shale 0.01294 265.11 
 
 









Mercury Intrustion Data of HHL-2 
Drainage (Intrusion Process)










Min dP = 0.0030 m 
Max dP = 9.065 m 
Median dP = 0.01279 m 
Total  = 3.91% 


















Mercury Intrusion Data of HHL-5 
Drainage (Intrusion Process)










Min dP = 0.0031 m 
Max dP = 9.064 m 
Median dP = 0.01278 m 
Total  = 5.00% 








3.3.2. Gas Flow Model Testing Under Confined Volume of Gas Flow Conditions. 
The results of the gas flow experiment under confined volume condition are presented 
into four display way: 
-  Upstream flowing pressure as functions of time 
-  Average gas flow rate as functions of time 
-  Average gas flow rate as functions of pressure 
-  Total gas production as functions of time 
The results of an upstream flowing pressure as functions of time for sample HHL-4, 
HHL-6 and HHL-7 are shown in Figures 3.30 to 3.32. Figure 3.33 shows the comparison 
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Figure 3.33. Plot of upstream pressure versus time of all samples. 
 
 
The results of the average gas flow volumes versus time for sample HHL-4, HHL-6 
and HHL-7 are shown in Figures 3.34 to 3.36. Figure 3.37 shows the comparison plot of 
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Figure 3.37. Plot of average gas flow volumes versus time of all tested samples 
 
 
The results of the average gas flow volumes versus an upstream pressure for 
sample HHL-4, HHL-6 and HHL-7 are shown in Figures 3.39 to 3.41. Figure 3.42 shows 



























































































Gas flow volume vs Upstream pressure of HHL-7 






























Figure 3.41. Plot of average gas flow volumes vs. upstream pressure of all tested samples. 
 
 
The results of the cumulative gas flow volumes versus time for sample HHL-4, 
HHL-6 and HHL-7 are shown in Figures 3.42 to 3.44. Figure 3.45 shows the comparison 
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Figure 3.45. Plot of the cumulative gas flow volumes versus time of all samples. 
 
 
However, the results of sample HHL-1 showed significant of error because the 
sample permeability was too low. So, the results of gas water displacement method were 
unacceptable, and it could not be analyzed in this work. So, the results of gas flow 
experiment showed only the effect of low and high range of apparent horizontal 
permeability and effect of natural fracture inside rock sample to gas flow characteristics. 
The details of the experimental results of gas flow testing are in the appendix A. 
3.3.3. Natural Fracture Characteristics of Huai Hin Lat Shale Samples. A CT 
scan analysis was used to evaluate the natural fracture characteristics of the Huai Hin Lat 
shale samples in this study. The samples HHL-4, HHL-6, and HHL-7 were analyzed 
using the CT scan method. The results of the CT scan were interpreted to evaluate a 
natural fracture inside a sample body. These samples were scanned at least 13 to 15 
planes in order to identify multiple fractures dimension and their orientation. Figure 3.46 


























Figure 3.46. The plane of CT scan analysis for all samples. 
 
 
The technique was used to identify the fracture inside rock samples that is adapted 
from the seismic interpretation technique. Using the assumption that the fracture has low 
density for the CT scan analysis can help identify the natural fracture by considering the 
different values of density inside the rock samples. The software application for CT scan 
analysis used in this study is SkyScan "CT-analyser" or "CTan". This software is applied 
for image analysis and visualization of the results from micro-CT scanning, especially for 
2D visualization and 2D/3D analysis. Figure 3.47 shows the front panel of CTan software. 
The functions of CT-analyser can help improve the CT scan interpretation. CTan 
can adjust the color of a CT scan result in order to easily identify the fracture inside a 
rock sample. Figure 3.48 and 3.49 depict the application result of the CT scan 
interpretation from CTan. Figure 3.48 is the raw file of CT scan result, and Figure 3.49 is 




















Figure 3.49. The CT scan result after used the color adjust function. 
(a) CT photo after adjust color of rock density, (b) CT photo adjusted color to low density  
 
 
The CT scan interpretations of each plane for the sample HHL-4 are shown in 
































































































































































































































Figure 3.62. CT scan interpretation of the plane No.28 for sample HHL-4. 
 
 


























































































































































































































Figure 3.75. CT scan interpretation of the plane No.26 for sample HHL-6. 
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Figure 3.88. CT scan interpretation of the plane No.29 for sample HHL-7. 
 
 
The results of the CT scan interpretation were used to create the model of core 
samples for CFD simulation in order to get the accurate gas flow simulation results for 
Section 4.  
3.3.4. Rock Mechanic Information of Huai Hin Lat Shale Samples. In this 
study, the Huai Hin Lat shale samples were also analyzed with tri-axial compression test 
in order to summarize the geomechanic data of formation. Following the well report of 
drilling well in North-Eastern area of Thailand, Poisson’s Ratio and the fracture gradient 
of the Huai Hin Lat formation are approximately 0.17 and 2.58SG, respectively. 
(Amerada Hess Exploration, 1999).  
For this study, the six samples from the surface outcrop of Huai Hin Lat formation 
were used to prepare for the tri-axial compression test.  Following the experimental 
results of tri-axial compression test, they show that the ranges of Poisson’s ratio of Huai 
Hin Lat shale samples are between 0.183 and 0.253. The average value of Poisson’s ratio 
of Huai Hin Lat shale sample is approximately 0.220. The ranges of Young’s Modulus of 




 psi. The average 
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value of Young’s Modulus for the Huai Hin Lat shale samples is approximately 6.078 
x10
6
 psi. Figures 3.89 to 3.94 depict the compression data analysis of sample No.1 to 6 








Figure 3.90. The compression data analysis of sample No.2. 
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Figure 3.92. The compression data analysis of sample No.4. 
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Figure 3.94. The compression data analysis of sample No.6. 
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Table 3.4. Summary of geomechanical properties using tri-axial compression test for the 
















































 0.247 2.005 2.052 
 
 
3.4. EXPERIMENTAL RESULTS ANALYSIS 
The experimental results as above can be divided into 3 categories including the 
Huai Hin Lat reservoir rock properties analysis, the gas flow experimental results 
analysis and the Huai Hin Lat rock mechanic properties analysis. 
3.4.1. Huai Hin Lat Reservoir Rock Properties Analysis. Considering the 
permeability of Huai Hin Lat shale samples from transient pulse decay analysis, samples 
HHL-1, HHL-2 and HHL-3 were collected from the same outcrop. Using the Brace 
method, their calculated permeability values were 21.75 D, for vertical permeability, 
and 127.1 to 137.66 D for horizontal permeability. The values of permeability based on 
Sutherland and Cave calculation were 23.39 D for vertical permeability and 130.83 to 
141.7 D for horizontal permeability. The average ratio of 𝐾𝑉 𝐾𝐻⁄  was approximately 
1:6. Moreover, the average pore size diameter of HHL-2 from MICP was approximately 
0.0128 m, and the calculated permeability based on Kozeny simplified formula 
(equation 42) was 201.93 D.  
For samples HHL-5 and HHL-7, the permeability calculations from Brace et al. 
(1968) were 269.31 D and 260.25 D respectively and the permeability calculations 
result based on Sutherland and Cave were 277.21 D and 267.88 D respectively. The 
values are not obviously different. MICP analysis showed that the average pore size 
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diameter of shale HHL-5 was approximately 0.01294 m, and the permeability value 
based on Kozeny simplified formula was 265.11 D. 
For samples HHL-4 and HHL-6, the permeability calculations based on Brace et 
al. (1968) were 87.54 D and 311.31 D, respectively. The permeability values of 
samples HHL-4 and HHL-6 based on Sutherland and Cave were 90.11 D and 320.43 
D, respectively. 
Based on the samples analyzed in this research it showed that horizontal 
permeability in the Huai Hin Lat formation varied from approximately 90 D to 277 D, 
which reflects the heterogeneity of the formation.  Vertical permeability ranged from 21 
D to 311 D, although the high value was suspected to have contributions from natural 
fractures.  Permeability derived from MICP was 201 D to 265 D. Although this is only 
two samples, it is a more consistent finding as an average permeability value. MICP 
measurements are likely more accurate than results of the pressure decay method, which 
is subject to possible effects of gas compressibility and viscosity.  Comparing results for 
the samples, it can be seen that samples from the same outcrop exhibit similar 
permeabilities, However, when considering bed direction, the permeability of core 
samples that have the flow direction parallel to bed direction are higher than the 
permeability of samples with flow direction perpendicular to the bedding plane.  This is 
true for all samples except sample HHL-6, which CT analysis shows to have significant 
fractures in the samples. 
Following the rock properties in Table 3.5, all of the values found in the samples 
are representative of permeabilities found in productive shales in North America.  
However it is recognized that samples were taken from outcrops and that additional 
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3.4.2. Gas Flow Experimental Results Analysis. Following the experimental 
results of gas flow test under a confined volume condition, flowrate of sample HHL-6 
was significantly more than sample HHL-7 and HHL-4. This result indicated probable 
natural fractures inside sample body increasing flowrate. CT scan interpretation also 
presented that the numbers of natural fracture inside sample HHL-6 were greater than 
other samples. In the addition, the principle of rate transient analysis (RTA) was applied 
to the experimental results in order to evaluate the gas flow from a natural fracture and a 
rock metric grain. Fundamentally, RTA is usually used to evaluate the well performance 
for a long history especially for the well with hydraulic fracturing and well with naturally 
fractured reservoir. Recent modern RTA is used the graphic techniques to identify the 
flow regimes from a production well with hydraulic fracturing efficiently. This is the 
important techniques for well performance evaluation (Cipilla and Wallace, 2014). Figure 
3.95 depicts the RTA graphical analysis with the important parameter to evaluate the 








Figure 3.95. Graphical analysis for typical linear flow analysis of RTA  
(Cipolla and Wallace, 2014). 
 
 
Furthermore, the flow regimes evaluated using RTA techniques can help 
analyses the characteristic of anisotropic permeability in a reservoir. When a reservoir 
has the large permeability anisotropy ratio, the flow regime especially in tight gas 
reservoir may be the linear flow for a long term (Arevalo-Villagran et al., 2001). So, this 
research also applied the conceptual of liner flow analysis or RTA to evaluate the 
anisotropic permeability characteristic of shale samples. 
Considering plot of gas flow results of core samples HHL-4, HHL-6, and HHL-7 
as shown in Figures 3.96 to 3.98, during first period of gas flow from shale samples as 
shown in Figure 3.96 (time < 5,000 minute), gas flowrate was decreased rapidly. These 
results reflected to the impact of natural fractures inside sample body.  After the first time 
period finished, gas flow from shale sample was decreased slowly. These flow 
characteristic reflected to gas flow in rock metric.  
In order to interpret the impact of natural gas on gas flow results from experiment, 
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𝑡𝐸𝐿  4,611 minute 
𝐺𝑃@ 𝑡𝐸𝐿   755.63 cc 
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Figures 3.99 to 3.101 as above presented that the time to end linear flow of 
sample HHL-4 was approximately 4,611 minute, and the flowing upstream pressure at 
that time was 151 psi. After the linear flow period, the gas still flowed slowly from shale 
sample until the upstream pressure was nearly 0 psi. The cumulative flowing time was 
25,402 minute or 424 hour. The estimated cumulative gas flow volume at time to end 
linear flow was 756 cc, while the cumulative gas flow volume at the end of experiment 
was only 921 cc.  
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𝑡𝐸𝐿  1,345 minute 
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𝑡𝐸𝐿  1,345 minute 
𝐺𝑃@ 𝑡𝐸𝐿   1,104.16 cc 
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The time to end of linear flow for sample HHL-6 was approximately 1,345 
minutes, and the flowing upstream pressure at that time was 99 psi as shown in Figures 
3.102 and 3.103. After the linear flow period, gas still flowed slowly from shale sample 
until the upstream pressure was nearly 0 psi. The cumulative flowing time was 7,831 
minutes or 131 hours. Figure 3.104 also showed that the estimated cumulative gas flow 
volume at time to end linear flow was 1,104cc, while the cumulative gas flow volume at 
the end of experiment was only 1237cc.  
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Figures 3.105 and 3.106 show the end linear flow for sample HHL-7 was 
approximately 3,505 minute, and the flowing upstream pressure at that time was 119 psi. 
After the linear flow period, gas inside shale sample still flowed slowly until the 
upstream pressure was nearly 0 psi. The cumulative flowing time was 12,024 minute or 
201 hour. Figure 3.107 also presented that the estimated cumulative gas flow volume at 
time to end linear flow was 970cc, while the cumulative gas flow volume at the end of 
experiment was only 1,126cc.  
The end of linear flow for samples HHL-4, HHL-6 and HHL-7 occurred of 4491, 
1345 and 3505 minutes respectively. RTA analysis shows that the anisotropic permeability 
ratio of sample HHL-4 may be larger than sample HHL-6 and HHL-7. Moreover, the time 
to end linear flow of sample HHL-6 shows that the anisotropic permeability ratio of 
samples HHL-6 is quite low because of the significant of a natural fracture inside the 
sample. Finally, the rate transient analysis for all test samples also illustrated the 
heterogeneity of Huai Hin Lat shale samples.  
3.4.3. Huai Hin Lat Rock Mechanic Properties Analysis. Experimental results 
from tri-axial compression test are summarized in Table 3.6. The average Poisson’s ratio 
of Huai Hin Lat shale samples was approximately 0.220, and the ranges of Poisson’s ratio 
were between 0.183 and 0.253. The average value of Young’s Modulus for the Huai Hin 
Lat shale samples was approximately 6.078 x10
6
 psi. The ranges of Young’s Modulus for 





mechanic properties of Huai Hin Lat shale sample are similar to rock mechanic properties 
found in productive shales in US. All tri-axial tests in this study was operated by Britt 
rock mechanic laboratory. 
It is recognized that the experimental results were taken from outcrops samples, 









Table 3.6. The comparisons of geomechanical properties of Huai Hin Lat shale samples 
to US shale reservoir. 
 





Huai Hin Lat 6.078 x 10
6 
0.220 
Marcellus 7 x 10
6
 0.230 
Barnett 5.802 x 10
6
 0.230 
Haynesville > 3.5 x 10
6
 - 
Eagle Ford 4.47 x 10
6 
0.169 




















4. COMPUTATIONAL FLUID DYNAMICS SIMULATION 
 
This section describes the computational fluid dynamics (CFD) area in this study. 
The topic in this section includes the principle of CFD, the details of core sample model 
in geometry and meshing, the computer simulation analysis and results.  
 
4.1. THE PRINCIPLE OF COMPUTATIONAL FLUID DYNAMICS 
Computation fluid dynamics (CFD) is the analysis of the system involving the 
fluid flow phenomena and the heat transfer process, using the computer simulation 
application. Computational fluid dynamic (CFD) evolved during the second half of the 
twentieth century when digital computers became available to solve complex fluid-flow 
problems. (Wilcox D.C., 2000). CFD is a very powerful tool; this application has been 
used in the wide range of industries such as aerodynamic areas, hydrodynamic areas, 
combustion applications, turbo machinery designs, chemical process engineer, etc. CFD 
applications have also been used in the petroleum industry particularly for drilling fluid 
flow simulations, reservoir flow simulations, and production flow simulations. Figure 4.1 









CFD software consists of 3 modules including the pre-processor, the solver, and 
the post-processor.  
The pre-processor is the input module of the CFD. The function of this module is 
to input the flow problem in CFD. This module usually includes the geometry building 
design, importing, and meshing. Figure 4.2 shows examples of creating geometry and 





Figure 4.2. Geometry and mesh process of pre-processor module in FLUENT software. 
 
 
When the geometry is created, flow parameters including the fluid types and 
boundaries conditions, are input into CFD, and the flow problems are identified within 
CFD.  
After the pre-processors have been completed their process, the solver module 
evaluates the input data using the finite volume method. The solver module evaluates the 
domain of the modeled problem and transforms the governing equations into the group of 
partial differential equations. The calculation results of the simulation process are iterated 










Finally, the post-process module develops and presents the simulation results that 
refer to the user setting requirements.  Figure 4.4 is an example of the CFD post result 





Figure 4.4. A simulation result from CFD post processor module (Ansys Inc.,2012). 
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Considering the governing equations using in CFD, CFD solvers are usually 
based on the finite volume method. The domain of flow problem is discretized into a 
finite set of control volumes. Figure 4.5 shows the conceptual of element on control 




Figure 4.5. Conceptual of control volume for finite volume method (Ansys Inc. 2012). 
 
 
The general governing equations of a CFD application are applied to solve a flow 
problem on the set of control volume. The general governing equations of CFD usually 
include the continuity equation, the momentum equation or Navier-Stoke equation, and 
the energy equation. 
The general conservation equation or transport equations for the CFD solver are 





Figure 4.6. General form of general conservation equation or transport equations for the 
CFD solver (Ansys Inc.,2012). 
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The software used in this study was the Ansys Fleunt version 14.5. This software 
can simulate the fluid flow in several situations such as fluid flow in pipe, flow in porous 
media and air flow in aerodynamics area. Fluent is provided within Ansys Workbench.   
Ansys Workbench is used to control and connect the preprocessor, solver and post-






Figure 4.7. Ansys Workbence flowchart diagram. 
 
 
One of the pre-processors in the Ansys Workbench is geometry. This application 
is used to create the model geometry and export to CFD solver module, another module 
of Ansys Workbench. The exported model has to mesh before linking to the solver 
module. The meshing module is used to build the control volumes such as cell and node, 
and these control volume units are exported to solver, where the CFD governing 





Figure 4.8. Meshing cell of airplane geometry (Ansys Inc., 2012). 
 
 
The CFD solver uses the geometry with the associated mesh data in order to 
simulate the flow problem. In ANSYS workbench, several CFD solvers are available 
such as CFX and FLUENT. This study utilized the workflow of the FLUENT for CFD 
solver in order to evaluate the flow problem of this research. Figure 4.9 shows the 





Figure 4.9. A FLUENT workflow chart (Theppornprapakorn et al.,2014). 
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4.2. COMPUTATIONAL FLUID DYNAMICS FOR THIS RESEARCH 
In this study, the computational fluid dynamic was applied to model the Huai Hin 
Lat core samples and to simulate the gas flow through these samples.  Results of the gas 
flow experiments in this study are compared to the CFD simulations. The following 
discussion describes details of the CFD modeling in this study. 
The CFD modeling performed in this study were divided into two parts. The first 
part is the modeling of the Huai Hin Lat core samples and, the second is a reservoir 
model to simulate a hydraulic fracture in the desired conditions. The models of Huai Hin 
Lat core samples were developed to simulate the gas flow inside the core samples, and 
used to calibrate the simulation results with experimental results. The reservoir model 
including horizontal well with hydraulic fracture, the horizontal well with one transverse 
fracture was used to simulate the gas flow inside an extremely low permeability reservoir 
in order to evaluate the effect of reservoir parameters and hydraulic fracturing parameters 
on the gas flow characteristics of a reservoir. 
4.2.1. CFD Modeling of the Huai Hin Lat Core Samples. Models of three Huai 
Hin Lat core samples, HHL-4, HHL-6, and HHL-7, were created in order to simulate the 
gas flow through the core samples. The dimension of each core model is given in Table 
4.1. The characteristics of natural fracture inside each sample were manually added into 
the core sample directly using the geometry module of CFD software.  
 
 
Table 4.1. The dimensions of each core model in this research 
Sample No. Sample ID 
Length Diameter 
(inches) (inches) 
1 HHL-4 3.046 1.508 
2 HHL-6 3.095 1.475 





Natural fractures in the core samples were identified through CT scan. The natural 
fracture dimensions including fracture length and fracture diameter were estimated by 
analyzing CT scan results and FESEM photos of Huai Hin Lat formation. The average 
diameter of natural fracture from FESEM using ImageJ software analysis, the software 
for SEM interpretation, is approximately 0.841 mm. The assumption for natural fractures 
shape in this research study is a cylinder shape for all natural fracture. Figures 4.10 to 















Figure 4.12. Outlet view of core model of sample HHL-4. 
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Figure 4.15. Outlet view of core model of sample HHL-6. 
 
 















Figure 4.18. Outlet view of core model of sample HHL-7. 
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In this study, the impact of anisotropic permeability of core sample on the gas 
flow characteristic was also evaluated. The average ratio of vertical to horizontal 
permeability of the Huai Hin Lat rock samples is approximately 1:6; this ratio was 
indicated using experimental results. However, the values of anisotropic permeability 
ratio for reservoir modeling were varied in order to get the appropriated matching of 
model simulation results and experimental results. The results of the RTA analysis in 
Section 3 were used to identify the proper value of ratio of anisotropic permeability for 
the simulation model. 
4.2.2. CFD Modeling of Reservoir with Horizontal Well and One Hydraulic 
Fracture. Figure 4.19 depicts the horizontal well model with one transverse fracture used 
in the study. This model is identical to the configuration used by Theppornprapakorn 
(2013) because the longer term research goal to develop a single model for all ranges of 
permeability. Theppornprapakorn studied tight gas permeability whereas this study is 




Figure 4.19. Conceptual model of the well in this study (Theppornprapakorn et al.,2014). 
 
 
Figure 4.20 shows the top view of the study model with a single transverse 





Figure 4.20. Top view of the study model with a single transverse fracture and horizontal 
well (Theppornprapakorn et al.,2014). 
 
 
There were completion configurations modeled for the horizontal well with one 
transverse fracture in this study. The first completion model was an openhole completion. 
This was the base model in the study. Simulation results of this base model were used to 
compare with the results for other types of horizontal well-completion of other models. 





Figure 4.21. Reservoir model with openhole completion in this study. 
(Theppornprapakorn et al.,2014). 
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The second completion considered was a horizontal well with a Plug-and-Perf 
completion (P-n-P). The Plug-and-Perf completion is the most common completion types 
for unconventional reservoirs. This completion type is used with a cased cemented and 
borehole. The Plug-and-Perf completion is widely used before Open Hole Multi-stage 
completion (OHMs) was introduced in 2001 (Theppornprapakorn et al.,2014). Figure 
4.22 shows the Plug-and-Perf completion, and Figure 4.23 is the reservoir model with 










Figure 4.23. Reservoir model with horizontal well and Plug-and-Perf completion in this 
study (modified from Theppornprapakorn et al., 2014). 
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The third completion modeled was a horizontal well with Open Hole Multi-stage 
completion (OHMs) for hydraulic fracturing. This OHMs system uses special equipment 
with sleeves and balls to sequentially stimulate sections of a horizontal well. This 
completion type works best for a stable formation where the problem of wellbore stability 
is not present (Bachman, 2007). Figure 4.24 shows the OHMs completion profile, and 









Figure 4.25. Reservoir model with horizontal well and OHMs completion in this study  
(modified from Theppornprapakorn et al.,2014). 
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For all simulations in this research, the reservoir permeabilities were varied from 
0.1 mD to 0.0002 mD to study the impact of reservoir permeability and completion types 
on gas flow rate using CFD. 
 
4.3. THE MODIFIED GOVERNING EQUATION OF CFD FOR THIS STUDY 
The general governing equations in the CFD consist mainly of the equation used 
for finite control volume, the continuity equation, the momentum equations, the Navier-
Stokes equations, the porous media terms in momentum equations, the equation of states, 
and the energy equations (Theppornprapakorn et al., 2014).  
The continuity equation or mass conservation usually applies for several flow 
problems. The principle of the continuity equation is a “closed fluid system” (Durst, 
2008). The mass accumulation in the system is the different of mass out and mass in for 
the system. The continuity equation is shown in equation (43). 












= 0             ---- (43) 
The momentum equation and Navier-Stoke equation are other forms of Newton’s 
second law for fluid motion. These equations include the effect of pressure force, viscous 
force and gravity force on the fluid motion. 
The momentum equations for three directions in Cartesian coordinates are 





















































































The definition of 𝜏11, 𝜏12, 𝜏13, 𝜏21, 𝜏22, 𝜏23, 𝜏31, 𝜏32 and 𝜏33 are shown in equation 
(47) to (52) is 
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)           ----- (50) 






)            ----- (51) 






)            ----- (52) 
The equations above are the classical governing equations to solve the fluid flow 
problems of fluid mechanics theory and have been used widely for a long time. 
However, research has shown that the result of the governing equations or 
conventional Navier-Stokes equations (CNSE) is inaccurate for gas flows through 
microchannels (Rajamani, 2013). Therefore, it is possible that the result of the CFD 
calculation may be inaccurate due to the effect of the CNSE on the gas flow in micro- 
and nano-pores of a shale gas reservoir. Figure 4.26 shows the comparison of CNSE and 




Figure 4.26. The comparison plot of the classical solution and the experimental 
measurement of the gas flow through microchannels (Rajamani, 2013). 
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Many of the flow problems can be worked out using the CNSE, but the solutions 
obtained for some special flow problems such as gas flows through micro-channels and 
micro-capillaries, thermophoresis are inaccurate (Manikanta, 2013). The assumption of 
the CNSE that is derived with the net molecular mass diffusion is zero.  This assumption 
is only valid when the pressure, temperature and density gradients are neglected. 
However, the molecular diffusion usually contributes a significant proportion for a gas 
flow when the pressure, temperature, and density gradients are active in a system (Durst 
et al., 2007)  For examples, the mass flow rates that were obtained from the experiment 
are more than the calculation results obtained using CNSE (Manikanta, 2013). Therefore, 
Manikanta and Rajamani (2013) proposed the extended Navier-Stokes equation (ENSE) 
to solve the flow problems in the area of the strong pressure, temperature, and density 
gradients. 
Rajamani (2013) introduced the term of total velocity (U
T
) in order to simulate the 
gas flow in microchannel. The total velocity equation is shown in equation (53) 
𝑈𝑇 = 𝑈𝑐 +𝑈𝐷              ---- (53) 
and    ?̇?𝑖
𝐷 = 𝜌𝑈𝑖
𝐷               ---- (54) 
     ?̇?𝑖










)             ---- (55) 
where 𝑈𝑇 is the total velocity 
 𝑈𝐶 is the convection velocity 
 𝑈𝐷 is the diffusion velocity 
 𝜌 is fluid density 
 𝑢 is fluid viscosity 
 T is system temperature 
 P is system pressure 
The proposed equations of Rajamani are expressed as: 











    --- (56) 











for the momentum equation: 
















+ 𝜌𝑔𝑖           --- (58) 
where 𝜏𝑖𝑗
𝑇  is a molecular transport of momentum, 
Rajamani applied only two of three dimensions, specifically Equations 44 and 46, 
for the x and y directions. His model was 2-D t because it was used to solve gas flow in 
microchannels such as micro tubes and micro conduit.  
In this study, the third flow dimension (Equation 45) was added to CFD model. In 
order to program all equations (44 to 46) it was necessary to express the equations in a 
different form.  The following details describe the derivations required for Equations 44 
to 46, required to programming the UDF function in CFD.   
The derivation equation of three directions (j = 1,2,3) for the continuity equation 
and momentum equation used in this study are: 
for the continuity equation: 







= 0    --- (59) 








= 0    --- (60) 






















   --- (62) 
instead of ?̇?𝑖
𝐷 = 𝜌𝑈𝑖
𝐷from equation (54) into equation (62). Then, 











    --- (63) 
As well as the X direction, the continuity equation for Y and Z direction show in 
equation (64) and (65). 
Y direction:  



























    --- (65) 
Following the conventional momentum equation for three directions in equation 
(44) to (46) and applied the principle of total velocity instead of the velocity term into the 
classical equation. Then, 
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The first group in equation 72 is the group of conventional momentum equation, 
and the second group is the addition terms for modified momentum equation of X or X1 
component. 





























) + 𝜌𝑔2 
----- (73) 
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The first group in equation 80 is the group of conventional momentum equation, 
and the second group is the addition terms for modified momentum equation of Y or X2 
component. 





























) + 𝜌𝑔3 
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The first group in equation 87 is the group of conventional momentum equation, 
and the second group is the addition terms for modified momentum equation of Z or X3 
component. 
Therefore, the right-hand side’s terms in equations 63 to 65 and the second term 
in equations 72, 80 and 87 are the additional terms for the modified computational fluid 
dynamic governing equation. Those adding terms are the 3-D form of ENSE which 
derived and proposed in this work.  
All of the additional terms were incorporated with FLUENT solver as the velocity 
profiles and momentum sources. The additional terms were input into CFD software using 
the user defined function (UDF). Furthermore, the UDF source codes were prepared using 
the C language and the details of the UDF source code also provided in Appendix C.  
 
4.4. MODEL VALIDATION 
Itis necessary to validate the simulation model before it is applied to evaluate gas 
flow situations. The model validations were consisted of 3 steps. The first step is the flow 
equation validation. The second is the Huai Hin Lat core sample model validation, and 
the third is the reservoir model with horizontal well validation. 
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4.4.1. The Flow Equation Validation. A 14 cm core shape with no fracture was 
constructed and modeled with CFD (FLUENT).  Liquid and gas flow simulations through 
this core model were compared with calculation results from fundamental Darcy fluid 
flow equations. The first equation was the Darcy flow equation for incompressible fluid 
as shown in equation 88, and the second equation was the Darcy flow equation for 
compressible fluid as shown in equation 89. 




                         ---- (88) 






                        ---- (89) 
where q is flow rate, k is permeability, A is area, 𝑃𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 is upstream pressure, 
𝑃𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 is downstream pressure, T is flow temperature, 𝜇 is fluid viscosity, L is 
length, 𝑇𝑠𝑐 is standard temperature, 𝑇𝑠𝑐 is standard pressure, and Z is gas deviation factor.  
Table 4.2 shows the reservoir and fluid flow parameters used for the validation 
model. Figure 4.27 depicts the core model of linear flow used in the validation. Figures 
4.28 and 4.29 are the comparison plots of FLUENT simulation results and the fluid flow 
calculation results using flow equation as above. 
 
 
Table 4.2. Reservoir and fluid flow parameters of the validation model. 
Parameters Values 
Upstream Pressure (psi) 10 to 40 
Downstream pressure (psi) 0 
Flow temperature (°F) 68 
Core diameter (cm) 14 
Core length (cm) 28 
Water viscosity (cp) 1.003 
Air viscosity (cp) 0.0255  











Figure 4.28. Plot of FLUENT simulation results and fluid flow calculation results using 
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Figure 4.29. Plot of FLUENT simulation results and fluid flow calculation results using 
compressible fluid flow equation. 
 
 
The results shows that the CFD simulation flowrate and pressure relationship is in 
excellent agreement with calculation results obtained from Darcy flow equations, 
especially for the incompressible fluid. For compressible flow with a high value of 
drawdown, the calculated flowrate is slightly smaller than the valued predicted using 
CFD.  This occurs because of the more exact way FLUENT defines fluid properties 
compared to averages used in Darcy flow equations. 
This validation provides confidence that the basic flow modeling in CFD is valid. 
4.4.2. The Huai Hin Lat Core Sample Model Validation. After validating the 
fundamental core model with Darcy flow equations, the CFD model geometry was 
revised to create three new CFD models, each representing dimensions and rock 
properties of sandstone samples. The sandstone samples each have different 
permeabilities, low, moderate and high permeability. Table 4.3 summarizes the 
dimensions of these samples and their permeability.. Figures 4.30 to 4.32 depict the photo 
of the low, moderate and high permeable sandstone samples used for FLUENT validation 
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Figure 4.32. The high permeability sandstone. 
 
 
Table 4.3 shows the dimensions and permeability values of all sandstone samples. 
 
 
Table 4.3. The dimensions and permeability values of all sandstone samples. 







1 Sandstone grey 1.474 3.1055 0.0385 
2 Sandstone red 1.4735 3.092 0.3702 
3 Sandstone white 1.4725 3.05 49.402 
 
 
Gas flow simulations were made using the core models constructed combined 

















Fluid type Air Air Air 
Upstream pressure 
 (psi) 
10-40 20-40 20-40 
Downstream pressure 
 (psi) 
0 0 0 
Sample permeability  
(md) 
0.0385 0.3702 49.402 
Flowing temperature 
 (F) 
68 68 68 
Fluid viscosity  
(poise) 





Figure 4.33. Core model of sandstone sample for ANSYS FLUENT. 
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Figures 4.34 to 4.36 depict the comparison plots of the gas flow results with the 
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Figures 4.34, 4.35 and 4.36 show that the simulation results using FLUENT were 
slightly less than the experimental results, particularly at lower upstream pressures. This 
difference may have occurred due to experimental procedures.  In general, it was felt that 
these comparisons indicated good agreement, and that the simulation results for gas flow 
matched the general flow experiments over a rage of permeability. This validation is 
important for supporting comparison of experimental results in the Huia Hin Lat core 
samples to the CFD models developed. 
4.4.3. The Reservoir Model with Horizontal Well Validation. The final 
validation conducted was to replicate the horizontal well model used in prior work 
(Theppornprapakorn, 2014) using CFD, and validate this model with horizontal well 
Darcy flow equations, to support completion modeling in the study. Both incompressible 
fluid and compressible fluid were simulated and calculated using FLUENT and flow 
equations.  Those equations are expressed in equations 90 and 91. 
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            ---- (90) 
The equation of compressible fluid flow in horizontal well production (modified 

















             ---- (91) 




               ---- (92) 
And  𝑎 =
𝐿
2









  for 
𝐿
2
< 0.9𝑟𝑒𝐻            ---- (93) 
where q is volume flow rate, 𝑘𝐻 is the horizontal permeability, 𝑘𝑉 is the 
horizontal permeability h is reservoir thickness, B is formation volume factor, L is the 
horizontal well length, and 𝑟𝑒𝐻 is the distance to the outer boundary. 
Figure 4.37 shows the horizontal well model for simulation validation. Figures 
4.38 and 4.39 are the IPR comparison plots of FLUENT simulation results and flow 










Figure 4.38. IPR plot of FLUENT simulation results and flow equation calculation results 





Figure 4.39. IPR plot of FLUENT simulation results and flow equation calculation results 
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As shown in Figure 4.38, the simulation results using FLUENT were in good 
agreement with the calculation results using horizontal well Darcy flow for an 
incompressible fluid. However, for compressible fluid, the calculation results of flow 
equation were slightly more than the simulation results of FLUENT (Figure 4.39). These 
errors might occur because of the different methods to define the gas viscosity and gas 
deviation factor of FLUENT versus the Darcy flow equation. However, the agreement 
was considered sufficient for the completion modeling work in the study. 
 
4.5. THE MODEL SIMULATION RESULTS 
The gas flow simulation study using of FLUENT in this research can be divided 
into 2 major steps. The first step was to use the experimental results of gas flow in the 
Huai Hin Lat core samples and match the CFD flow simulations to the experimental 
results.  This step validates the CFD model for parametric studies of gas flow and well 
productivity, using different types of completions in the horizontal well model. 
Completion studies are the second step in the simulation work. 
4.5.1. The Flow Simulation Results for the Huai Hin Lat Core Sample Models. 
Three Huai Hin Lat core samples were available for gas flow simulations, including 
HHL-4, HHL-6 and HHL-7. These are the same samples described in Section 4.2.1. All 
core samples had natural fractures inside their bodies, but each sample has own fracture 
characteristics, especially fracture length and fracture distribution. Therefore, each 
sample required manual input of the fractures described in Section 4.2.1, identified by CT 
scan, and each sample required unique meshing with CFD. Figures 4.40 to 4.42 present 
different views of the model meshing for sample HHL-4. Figures 4.43 to 4.45 depict 
different views of the model meshing for sample HHL-6. Figures 4.46 to 4.49 illustrate 















































Figure 4.48. Cross-section magnified inside meshing model of sample HHL-7. 
 
 
CT scan analysis indicated that the natural fractures inside sample HHL-6 are 
more complex than other samples. Hence the meshing results of this sample were also 
more complicate than other samples. Moreover, the complicated meshing significantly 
increases simulation time for the FLUENT solver. Cumulative time to simulate gas flow 
for sample HHL-6 was more than 2 or 3 times that of other two core samples.   
4.5.1.1. Simulation results of sample HHL-4 model. The simulation results of 
core model for sample HHL-4 can be divided into 4 different simulations. The first is the 
simulation of sample HHL-4 model without natural fracture inside the sample. The 
second simulation is the sample HHL-4 model with natural fracture included inside the 
sample. The third simulation includes a parametric study of anisotropy permeability. The 
fourth simulation includes both the natural fractures, and an anisotropy match for the 
HHL-4 sample, plus the UDF code of the 3D extended Navier-Stoke equation (ENSE). 
4.5.1.1.1. Simulation results of sample HHL-4 model without natural 
fracture. This section shows the simulation results of gas flow inside sample HHL-4 
without the effect of natural fractures. The flow parameters were set up as similar as the 
experiment procedure. The simulation results were compared with the experimental 




Table 4.5. Set up parameters of gas flow model for samples HHL-4 without the effect of 
natural fracture. 
 
Parameter properties Value 
Fluid type Air 
permeability sample (d) 88 
Initial upstream pressure (psi) 784 
Downstream pressure (psi) 0 
Flowing temperature (F) 68 
 
 
Figure 4.49 depicts the simulation results of FLUENT solver for core model of 
sample HHL-4, without natural fractures and Figure 4.49 is the comparison plot of 
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The simulation results as shown in Figure 4.50 are less than experimental results 
especially when the upstream pressure is high. This result shows that a natural fracture 
inside the sample body may impact on the amount of gas flow from a sample. Therefore, 
the natural fractures identified in Section 4.2.1 were added to the model in order to 
evaluate the impact of the fracture on gas flowrate. 
4.5.1.1.2. Simulation results of sample HHL-4 model with natural fracture. 
Natural fractures were added to sample HHL-4 model using fracture characteristics 
identified through CT scan interpretations (Figures 4.10 to 4.12) as the previously 
discussed. In this model, the core has isotropic permeability, meaning the model assumes 
permeability is the same in all directions. Table 4.6 shows the setup parameters of flow 











0 100 200 300 400 500 600 700
Experimental result
FLUENT W/O Fracture (Isotropic Permeability)













Table 4.6. Set up parameters of gas flow model for samples HHL-4 with the effect of 
natural fractures. 
 
Parameter properties Value 
Fluid type Air 
permeability sample (D) 88 
Initial upstream pressure (psi) 784 
Downstream pressure (psi) 0 
Flowing temperature (F) 68 
 
 
Figure 4.51 depicts the simulation results of FLUENT solver for core model of 
sample HHL-4 with natural fracture effect, and Figure 4.52 is the comparison plot of 
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Figure 4.52. Plots of model simulation and experimental results of sample HHL-4. 
 
 
The simulation flowrate of the model with natural fractures is shown in Figure 
4.52 are increased when compared to the simulation results of model without natural 
fracture, especially when the reservoir pressure is more than 300 psi. However, the 
simulation results are still less than the experimental results. The impacts of anisotropic 
permeability of shale sample were studied in the next section.  
4.5.1.1.3. Simulation results of sample HHL-4 model with the effect of 
natural fracture and anisotropic permeability. Assuming isotropic permeability is 
unreasonable, and is likely the cause of the model failing to match experimental results.  
A parametric evaluation of anisotropic permeability was therefore included in the 
models and gas flow simulation, to improve the simulation match to experimental 
results. The equation used to calculate the value of permeability for each direction is 
expressed as (Yildiz & Ozkan, 1997) 
𝑘 = √𝑘𝑥𝑘𝑦𝑘𝑧
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where k is permeability, 𝑘𝑥, 𝑘𝑦 and 𝑘𝑧 are the permeability in x, y and z 
directions respectively.  
In this study, one of the assumptions to calculate for permeability is the 





                 ---- (95) 
where 𝑘𝐻 and 𝑘𝑉 are the horizontal and vertical permeability respectively.  
Based on the ratio of vertical and horizontal permeability of Huai Hin Lat samples 
in Section 3 is approximately 1:6. The ratio of anisotropic permeability in model 
simulation was varied to evaluate the effect of anisotropic permeability to gas flowrate of 














1:1 88 88.00 88.00 
1:2 88 110.87 55.44 
1:4 88 139.69 34.92 
1:6 88 159.91 26.65 
 
 
Figure 4.53 illustrates the plot of gas flow simulation results for sample HHL-4 
core model including the effect of natural fractures and varying anisotropic permeability. 







Figure 4.53. Plot of gas flow simulation results including the effect of anisotropic 





Figure 4.54. Plot of experimental and simulation results including the anisotropic 
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As shown in Figure 4.53, when the ratio of vertical and horizontal permeability 
decreased , the gas flow rate increased. In the addition, the appropriate ratio of vertical 
and horizontal permeability for sample HHL-4 is approximately 1:6 as shown by the 
match with experimental restuls in Figure 4.54. 
4.5.1.1.4. Simulation results of sample HHL-4 model with effect of the extend 
Navier-Stoke equation. Following the matching of experimental and simulation results 
as shown in Figure 4.54, the flow model with 1:6 of horizontal permeability to vertical 
permeability ratio was simulated with UDF source code in order to evaluate the impact of 
ENSE on the simulation results. Figure 4.55 depicts the simulation results of flow model 
including the effect of ENSE. Figure 4.56 illustrate the comparison plot of experimental 






Figure 4.55. Plot of gas flow simulation results of core model with and without the effect 
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Figure 4.56. Plot of experimental and simulation results of core model with and without 
the effect of ENSE for sample HHL-4. 
 
 
The addition terms of ENSE only slightly impacted the simulation results of gas 
flow inside core model. Simulation results as shown in Figure 4.56 presents that the flow 
rate of model with additional term of ENSE was slightly more (1%) than the result of 
model without the additional terms. When FLUENT solver used the UDF function, 
however, the computational time of simulation model was significantly more than the 
regular simulation model.  
4.5.1.2. Simulation results of sample HHL-6 model. The flow simulations for 
sample HHL-6 were conducted in the same manner as for sample HHL-4, including a 
simulation with no fracture, a simulations with fractured identified by CT scanning, a 
parametric evaluation of anisotropic permeability, and an evaluation of the fractured 
model with anisotropic permeability and the UDF function of the ENSE. 
4.5.1.2.1. Simulation results of sample HHL-6 model without natural 
fracture. This section describes the simulation results of gas flow inside sample HHL-6 
without the effect of natural fractures. The flow parameters included were similar to those 
in the experiment procedure. Simulation results were compared with the experimental 
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Table 4.8. Set up parameters of gas flow model for samples HHL-6 without the effect of 
natural fracture. 
 
Parameter properties Value 
Fluid type Air 
Sample permeability (D) 311.31 
Initial upstream pressure (psi) 784 
Downstream pressure (psi) 0 
Flowing temperature (F) 68 
 
 
Figure 4.57 depicts the simulation results of FLUENT solver for core model of 
sample HHL-6, without natural fractures, and Figure 4.58 is the comparison plot of the 
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Figure 4.58. Plot of flow model without natural fracture simulation and experimental 
results of sample HHL-6. 
 
 
There is poor agreement between the simulation and experimental results. 
Fractures were then added to the simulation model for the next simulation. 
4.5.1.2.2. Simulation results of sample HHL-6 model with natural fracture. 
Natural fractures were added to the core model of sample HHL-6, according to results of 
CT scan interpretation (Figures 4.13 to 4.15) as previously discussed. In this model, the 
core model has isotropic permeability. Table 4.9 shows the setup parameters of flow 
model for sample HHL-6. Figure 4.59 depicts the simulation results of the FLUENT 
solver for core model of sample HHL-6 with natural fracture effect. Figure 4.60 is the 
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Table 4.9. Set up parameters of gas flow model for samples HHL-6 with the effect of 
natural fractures. 
 
Parameter properties Value 
Fluid type Air 
Sample permeability (D) 311.11 
Initial upstream pressure (psi) 784 
Downstream pressure (psi) 0 
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Figure 4.60. Plots of model simulation and experimental results of sample HHL-6. 
 
 
Again, there is poor agreement with experimental results, although the fractures 
did increase flow in the CFD simulation. The impacts of accounting for anisotropic 
permeability of the shale sample were studied next.  
4.5.1.2.3. Simulation results of sample HHL-6 model with the effect of 
natural fracture and anisotropic permeability. In this section, the impact of 
anisotropic permeability of core sample on the gas flow characteristic was evaluated. 
However, the flow direction of sample HHL-6 was different from other samples. The 
flow direction of this sample was perpendicular to the bedding plane, i.e. cross flow, as 
shown in Section 3. The CT scan analysis of this sample showed a high volume of natural 
fractures inside sample body, and RTA analysis also indicated that the anisotropic 
permeability ratio of samples HHL-6 was quite low. Therefore, the initial ratio of vertical 
to horizontal permeability for the parametric study of this sample is 1:1.5. Table 4.10 is 








































1:1 311.31 311.31 311.31 
1:1.5 311.31 356.36 237.57 
1:3 311.31 448.99 149.66 
 
 
Figure 4.61 illustrates gas flow simulation results for sample HHL-6 core model 
including natural fractures and varying anisotropic permeability. Figure 4.62 is a 
comparison of experimental results and simulation results including the effect of 





Figure 4.61. Plot of gas flow simulation results including the effect of anisotropic 









0 100 200 300 400 500 600 700
FLUENT W/ Fracture (Anisotropic ratio = 1:1)
FLUENT W/ Fracture (Anisotropic ratio = 1:1.5)
FLUENT W/ Fracture (Anisotropic ratio = 1:3)















Figure 4.62. Plot of experimental and simulation results including the effect of 
anisotropic permeability for sample HHL-6. 
 
 
Although including both fracture and the anisotropic permeability adjustment 
increases flow, the CFD simulation remains a poor match with experimental results. 
4.5.1.2.4. Simulation results of sample HHL-6 model with effect of the extend 
Navier-Stoke equation. Following the matching of experimental and simulation results 
in Section 4.5.1.2.3, the flow model with fractures and anisotropic permeability was 
simulated with the UDF source code in order to evaluate the impact of ENSE on the 
simulation results. Figure 4.63 shows the simulation results of flow model including the 
effect of ENSE. Figure 4.64 also shows the comparison plot of experimental and 
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Figure 4.63. Plot of gas flow simulation results of core model with and without the effect 





Figure 4.64. Plot of experimental and simulation results of core model with and without 
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The simulation results in Figure 4.63 shows that the addition terms of ENSE 
increased the flowrate slightly compared to the model without the additional terms. 
However, the computation time of this model with ENSE for HHL-6 was unreasonable, 
because of the complex fractures in this core. of natural fracture inside the sample model. 
The cumulative computation time for 3 values of upstream pressure for this model is 
approximate 84 hours while the computational time for model without ENSE was 
approximately 13 hoursy. The percentage of flowrate increased was only 1.0 to 2.0% but 
the computational time was increased 547%. 
4.5.1.3. Simulation results of sample HHL-7 model. The flow simulations for 
sample HHL-7 were conducted in the same manner as for sample HHL-4 and HHL-6 
including a simulation with no fracture, a simulations with fractured identified by CT 
scanning, a parametric evaluation of anisotropic permeability, and an evaluation of the 
fractured model with anisotropic permeability and the UDF function of the ENSE. 
4.5.1.3.1. Simulation results of sample HHL-7 model without natural fracture. 
This section shows the simulation results of gas flow inside sample HHL-7 without the 
impact of natural fractures. The flow parameters were set up as similar as the 
experimental procedure. The simulation results were compared with the experimental 
results. Table 4.11 is the set up parameters of flow model for sample HHL-7.  
 
 
Table 4.11. Set up parameters of gas flow model for samples HHL-7 without the effect of 
natural fracture. 
 
Parameter properties Value 
Fluid type Air 
Sample permeability (D) 260.25 
Initial upstream pressure (psi) 790 
Downstream pressure (psi) 0 
Flowing temperature (F) 68 
 
 
Figure 4.65 illustrates the simulation results of FLUENT solver for core model of 
sample HHL-7, without natural fractures and Figure 4.66 is the comparison plot of the gas 
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flow simulation and experimental results of sample HHL-7. As with the other Huai Hin 











Figure 4.66. Plot of flow model without natural fracture simulation and experimental 
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4.5.1.3.2. Simulation results of sample HHL-7 model with natural fracture. 
Natural fractures were added in the sample HHL-7 core model, according to CT scan 
interpretation (Figures 4.16 to 4.18) as previously discussed. The permeability of core 
model in this section was considered isotropic. Table 4.12 is the setup parameters of flow 
model for sample HHL-7. 
 
 
Table 4.12. Set up parameters of gas flow model for samples HHL-7 with the impact of 
natural fractures. 
 
Parameter properties Value 
Fluid type Air 
Sample permeability (D) 260.25 
Initial upstream pressure (psi) 790 
Downstream pressure (psi) 0 
Flowing temperature (F) 68 
 
 
Figure 4.67 depicts the simulation results of the FLUENT solver for the HHL-7 
sample core model with natural fractures, and Figure 4.68 is the comparison plot of the 
simulation and experimental results for sample HHL-7. 
As with the fractured core model simulation results for other samples, the natural 
fracture increased the gas flowrate of core model especially when the upstream pressure 
was increased. However, the simulation results are again less than the experimental 
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4.5.1.3.3. Simulation results of sample HHL-7 model with the effect of 
natural fracture and anisotropic permeability. Values of anisotropic permeability 
ratio were varied in order to match experimental results. CT scan analysis of the HHL-7 
sample showed high volume of natural fractures inside sample body and RTA analysis 
also indicated that the anisotropic permeability ratio of samples HHL-7 should be low. 
Therefore, the initial ratio of vertical to horizontal permeability for the parametric study 
of this sample was 1:1.5. Table 4.13 the values of horizontal and vertical permeability 
calculated and simulated for sample HHL-7 using equation 95. 
 
 











1:1 260.25 260.25 260.25 
1:1.5 260.25 297.91 198.61 
1:2 260.25 327.90 163.95 
1:3 260.25 375.35 125.12 
 
 
Figure 4.69 depicts the plot of gas flow simulation results for the sample HHL-7 
core model including the impact of natural fractures and varying anisotropic 
permeability. Figure 4.70 is a comparison plot of experimental and simulation results 
including the impact of anisotropic permeability for sample HHL-7. 
The gas flow simulation result of sample HHL-7 core model showed an efffect of 
anisotropic permeability similar to sample HHL-4. When the ratio of vertical and horizontal 
permeability was reduced, the gas flow rate increased. In addition, the parametric study 
shown in Figure 4.66 showed that the appropriate ratio of vertical and horizontal 
permeability to match experimental results for sample HHL-7 was 1:1.5. This result is in 
agreement with the RTA analysis. RTA analysis indicates that the anisotropic permeability 





Figure 4.69. Plot of gas flow simulation results including the effect of anisotropic 





Figure 4.70. Plot of experimental and simulation results including the effect of 
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4.5.1.3.4. Simulation results of sample HHL-7 model with effect of the extend 
Navier-Stoke equation. A flow model with 1:1.5 of anisotropic permeability and 
fractures was used with the UDF code for the ENSE to simulate gas flow in sample HHL-
7. Figure 4.71 depicts the simulation results of flow model including the effect of ENSE. 
Figure 4.72 illustrates the comparison plot of experimental and simulation results of core 
model with and without the effect of ENSE for sample HHL-7.  
The simulation results of model with the effect of ENSE for sample HHL-7 was 
in the same direction as other samples.  Figure 4.72 shows that the flow rate of model 
with additional terms of ENSE was slightly increased  compared to the model without the 
additional terms, and with fractures and anistropic permeability, there was a fit with the 





Figure 4.71. Plot of gas flow simulation results of core model with and without the effect 
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Figure 4.72. Plot of experimental and simulation results of core model with and without 
the effect of ENSE for sample HHL-7. 
 
 
4.5.2. Gas Flow Simulation for Horizontal Well Completion Comparisons. 
One of the objectives of this study was to evaluate gas flow from plug and perf (P-n-P) 
completions versus open hole multi-stage (OHMs) completions for fracture stimulated 
horizontal wells producing from extremely low permeability shale. The results of the gas 
flow simulation work presented in Section 4.5.1, informs construction of a CFD reservoir 
and horizontal wellbore model useful for the completions studies.   
Three horizontal well models were constructed including a horizontal well with 
an openhole completion (ideal productivity, base case), a horizontal well with an OHMs 
completion, and a horizontal well with a P-n-P completion.  One, transverse fracture is 
introduced along the length of the wellbore. The geometry of the model was previously 
presented in Section 4.2.1. All reservoir and flow parameters were collected from 
literature, these parameters related to Fayetteville field, one of US shale gas field. Table 
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Table 4.14. Reservoir and flow parameters for all reservoir model simulation 
 
Properties Parameter Value 
Intiail reservoir pressure (psi) 2800 
Flowing pressure (500 psi) 500 
Permeabilites range (md) 0.1 - 0.0002 
Vertical to horizontal permeability ratio 1:10 
Sand size for Fracture 40/70 Premium sand 
Formation Closer pressure (psi) 6000 
Fracture permeability (D) 80 
Fracture Half-Length (ft) 150 
Reservoir drainage radius (ft) 300 
Reservoir thickness (ft) 60 
Wellbore radius (in) 6 
Fracture width (in) 0.1 
Fluid type 100% methane 
 
 
4.5.2.1. Simulation results of reservoir with horizontal well and openhole 
completion. This section presents the simulation results of a reservoir with a horizontal 
well with an openhole completion. Theoretically, an openhole completion with no skin 
represents maximum flow.  Hence this is the base case and used for all other completion 
productivity comparisons or ratios. There are two elements of the model, including the 
reservoir and the horizontal well.. Both parts were meshed together in order to create the 
control volumes for solver simulation. Figure 4.73 depicts the meshing of this reservoir 
model. Parameters shown in Table 4.14 were input into the solver module used for 
simulation. The reservoir permeability was varied from 0.1 to 0.0002 mD. The minimum 
reservoir permeability used in this simulation model was 0.0002 mD (200 D for 
horizontal permeability or 20 D for vertical permeability, 1:10) because the lowest 
value of permeability for FLUENT software is approximately 20 D only. Figure 4.74 
illustrates mass flow rate simulation results versus reservoir permeability for the defined 
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reservoir with horizontal well and an openhole completion. The simulation calculation 










Figure 4.74. Plot of mass flowrate versus reservoir permeability of reservoir with 
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4.5.2.2. Simulation results of reservoir model with horizontal well and plug-
and-perf completion. Simulation results for a horizontal well with plug-and-perf 
completion are presented in this section. This model consists of the reservoir, horizontal 
cased wellbore and a single transverse fracture connected to the wellbore. All of these 
parts are meshed together. Before export to the solver module. Figure 4.75 depicts the 





Figure 4.75. Meshing of reservoir model with horizontal well and P-n-P completion. 
 
 
Figure 4.76 shows the mass flowrate simulation results versus reservoir 
permeability plot for the horizontal well with a plug-and-perf completion. Figure 4.77 is 
the plot of simulation results comparing a horizontal well and openhole completion 












Figure 4.77. Plot of mass flowrate versus reservoir permeability for reservoir with OH 
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4.5.2.3. Simulation results of reservoir model with horizontal well and open 
hole multi-stage completion. Simulation results of a horizontal well with an open hole 
multi-stage completion are presented in this section. As with the P-n-P completion, this 
model consists of the reservoir, horizontal well, and hydraulic fracture. In this case the 
borehole is not cased. All parts were meshed together before transfer to the solver 





Figure 4.78. Meshing of reservoir with horizontal well and OHMs completion. 
 
 
Figure 4.79 illustrates the plot of mass flow rate versus reservoir permeability for 
a horizontal well and OHMs completion. Figure 4.80 shows a comparison of a horizontal 











Figure 4.80. Plot of mass flowrate versus reservoir permeability for reservoir with OH 
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4.5.2.4. Simulation results of reservoir model with ENSE UDF source code. 
All of the previous simulations used the CNSE in the flow simulations. This section studied 
the impact of including ENSE on gas flow rate from the reservoir into the horizontal well. 
The UDF code of ENSE was applied to all three cases: reservoir model with openhole 
completion, and reservoir model with horizontal well and OHMs completion. However, it 
was discovered that the ENSE code could not be reasonably applied for the reservoir 
model with horizontal well and P-n-P completion because the computational time became 
unreasonable. Figure 4.81 depicts the plot of simulation results with and without the 
effect of ENSE on reservoir model with openhole completion. Figure 4.82 is the plot of 
simulation results with and without the effect of ENSE on reservoir model with openhole 
completion for permeability ranges of 0 to 10,000 D. Figure 4.83 is the plot of 
simulation result with and without the effect of ENSE on reservoir model with openhole 





Figure 4.81. Plot of simulation result with and without the effect of ENSE on reservoir 
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Figure 4.82. Plot of simulation result with and without the effect of ENSE on reservoir 





Figure 4.83. Plot of simulation result with and without the effect of ENSE on reservoir 
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Figure 4.84 illustrates the plot of simulation results with and without the effect of 
ENSE on OHMs completion reservoir model. Figure 4.85 is the plot of simulation result 
with and without the effect of ENSE on OHMs completion reservoir model for 
permeability ranges of 0 to 10,000 D. Figure 4.86 is the plot of simulation result with 
and without the effect of ENSE on OHMs completion reservoir model for reservoir 





Figure 4.84. Plot of simulation result with and without the effect of ENSE on reservoir 
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Figure 4.85. Plot of simulation result with and without the effect of ENSE on reservoir 





Figure 4.86. Plot of simulation result with and without the effect of ENSE on reservoir 
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The simulation results show only a small impact of ENSE over the range of 
permeability studied Rajamani (2013) proposed that the molecular diffusion usually 
contributes a significant proportion of a gas flow when the pressure, temperature, and 
density gradients are active in a system. In shale gas production, diffusive flow usually 
occurs at low pressures.  
The UDF source codes of ENSE were applied to evaluate the impact of mass 
diffusion on gas flow from extremely low permeability shale when reservoir pressures 
changes. The range of reservoir flowing pressure was 200 psi to 1,000 psi and wellbore 
pressure was set to 100 psi. The reservoir permeability was varied from 200 D, 1,000 
D, and 10,000 D. Figure 4.87 is the plot of mass flowrate versus flowing pressure of 
reservoir model with OH completion for horizontal reservoir permeability 200 D. 
Figure 4.88 depicts the plot of mass flowrate versus flowing pressure of reservoir model 





Figure 4.87. Plot of mass flowrate versus flowing pressure of reservoir model with OH 
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Figure 4.88. Plot of mass flowrate versus flowing pressure of reservoir model with 
OHMs completion for reservoir permeability 200 D. 
 
 
Neither Figure 4.87 nor Figure 4.88 show a significant difference in the flowrates 
calculated with or without the ENSE UDF function. 
Figure 4.89 depicts the plot of mass flowrate versus flowing pressure of reservoir 
model with OH completion for reservoir permeability 1,000 D. Figure 4.90 is the plot of 
mass flowrate versus flowing pressure of reservoir model with OHMs for horizontal 
reservoir permeability 1,000 D. Furthermore, Figure 4.91 illustrates mass flowrate 
versus flowing pressure plot of reservoir model with OH completion for reservoir 
permeability 10,000 D. Figure 4.92 depicts the mass flowrate versus flowing pressure 
plot of reservoir model with OHMs completion for horizontal reservoir permeability 
10,000 D.  Results for all of these cases demonstrate the ENSE UDF function are 
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Figure 4.89. Plot of mass flowrate versus flowing pressure of reservoir model with OH 





Figure 4.90. Plot of mass flowrate versus flowing pressure of reservoir model with 
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Figure 4.91. Plot of mass flowrate versus flowing pressure of reservoir model with OH 





Figure 4.92. Plot of mass flowrate versus flowing pressure of reservoir model with 
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4.6. THE MODEL SIMULATION RESULTS ANALYSIS 
This section presents an analysis of the CFD simulations results for both the Huai 
Hin Lat core sample experiments, and for the horizontal well completion cases.  
4.6.1. CFD Simulation Result for Core Samples. The core model simulation 
results presented the effect of natural fractures and anisotropic permeability on gas flow 
from core samples. CT scan analysis identified that the number of natural fractures inside 
the sample body of HHL-4 was less than HHL-7 and HHL-6 respectively. CT scan 
interpretation results were in the same direction with the permeability value of samples 
using transient pulse decay method. The permeability of sample HHL-4 was 88 D, and 
this value was less than the permeability of sample HHL-7 (260 D) and HHL-6 (311 
D), respectively.  
Figure 4.93 illustrates the plot of   the productivity ratio of core model with and 
without natural fractures as a function of upstream pressure. This plot demonstrates the 





Figure 4.93. Plot of productivity index ratio of core models with and without natural 
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Figure 4.93 shows that natural fractures have the greatest flow impact at higher 
upstream pressures. At an upstream pressure 300 psi and more, gas flowrate of HHL-6 
was more than HHL-4 and HHL-7. CT scan interpretation of sample HHL-6 also 
presented that the quantity of natural fracture number in HHL-6 was also more than other 
samples. However, at the low ranges of flowing pressure, the gas flowrate of all samples 
was not significantly different especially when the flowing pressure reduced below 100 
psi. Gas flow in this situation might be gas flowing from rock matrix only.  
Considering the parametric simulation results of anisotropic permeability, the 
effect of this property usually based on flow direction. The flow direction of sample 
HHL-4 and HHL-7 were parallel with bedding plane. In this situation, anisotropic 
permeability contributed to the volume of gas that flowed from sample. However, sample 
HHL-6 was in opposite direction with sample HHL-4 and HHL-7 because the flow 
direction of sample HHL-6 was in perpendicular with bedding plane. In this case, 
anisotropic permeability negatively affects gas flowrate. .  
For the impact of ENSE on simulation results of core model, the gas flow rate of 
core model with ENSE was more slightly greater than results from the model without 
ENSE. Considering the detail of simulation results shown in Figure 4.94, however, it 
shown that the ENSE helps to improve the gas flowrate projection at low ranges of 
upstream pressure, especially for lowest permeability sample (sample HHL-4). Figure 
4.94 is the plot of productivity index ratio of core model with and without the effect of 
ENSE. 
Figure 4.94 showed that at the ranges of upstream press less than 200 psi, the 
simulation results of sample HHL-4 using ENSE were increased from 2% to 70%. While 
the simulation results of sample HHL-6 and HHL-7 were only increased from 1% to 7%. 
This results presented the ENSE usually effect on the low ranges of upstream pressure, 
low permeability, and low number of natural fracture inside sample body. This situation 
contributes the diffusive flow character in the core sample. 
Following the simulation results of CFD for all core samples, the number of 
natural fracture inside sample body, the anisotropic permeability of core sample and flow 
direction all impact the gas flow from core samples. In the addition, the term of ENSE 
helps to improve the simulation results for low ranges of upstream pressure especially for 
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samples that have very low permeability and a large number of natural fractures. 
However, the computational time to simulate gas flow from CFD models which include 
the ENSE code was approximately two to three times more than the computational time 





Figure 4.94. Plot of the ratio of gas flowrate with effect of ENSE to gas flowrate without 
effect of ENSE. 
 
 
4.6.2. Simulation Result of Reservoir Model Analysis. This section presents an 
analysis of simulation results for the reservoir model, with a horizontal well and various 
well completions. Results are discussed for all three completions, first without the ENSE 
and then including the ENSE. 
4.6.2.1. Simulation results analysis of reservoir model with all types of 
completion. Figure 4.95 illustrates simulation results of the reservoir model with all 
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without a transverse fracture included, over a range of permeability. Figure 4.96 
compares the open and cased hole, demonstrating the productivity reduction of the cased 
hole completion.  The openhole with a transverse fracture outperforms and openhole 
completion at ranges of higher permeability. 
Mass flowrate of each completion type was compared in order to evaluate the 
impact of reservoir permeability to completion type in production well. Figure 4.97 
depicts the ratio of productivity index of reservoir model with OHMs, P-n-P completion 
to reservoir model with OH completion. Figure 4.98 is a magnification of a portion of 
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Figure 4.96. Plot of simulation results of reservoir model with all types of completion 





Figure 4.97. Ratio of productivity index of reservoir model with OHMs, P-n-P 
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Figure 4.98. Productivity index ratio plot of reservoir model with OHMs, P-n-P 
completion to reservoir model with OH completion for permeability less than 10,000 D. 
 
 
Figure 4.97 shows that for all ranges of permeability, a horizontal well with an 
OHMs completion outperforms a horizontal well with a cased hole P-n-P completion. At 
high permeability, the productivity ratio difference between the two completions styles 
becomes larger, likely due to the fact that there is no open sandface flow contribution in 
the P-n-P completion. Flow from the open sandface would become more significant at 
higher permeability. 
The magnification of the lower permeability range shown in Figure 4.98 shows 
that at very low permeability there is a difference between the two completions 
productivity ratios (2.76 to 2.83 productivity ratio to openhole performance), but that 
difference is not large and remains relatively constant.  Field practices include both types 
of completions with varying results, which may support this result. 
Augustine (2011) applied CFD to simulate gas flow in 2D reservoir over all 
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The values of productivity ratio and relative conductivity in Figure 4.99 were 
digitized because Augustine used the x-axis relative conductivity term. These values were 
compared with the simulation results of this study, expressed in the same relative 
conductivity term. Figure 4.100 is the plot of digitized data from Figure 4.99 and 
simulation results of this study. 
Figure 4.100 shows that the simulation results of this study were the same 
direction of Augustine’s study. The fractured horizontal well  with an OHMs completion 
outperforms a fractured horizontal wells with a P-n-P completion, although However, at 
extremely low permeability, the productivity differences between the two completions is 
less, and well performance appears to converge. This result also supports how the CFD 






Figure 4.100. Plot of digitized data from Augustine’s study and simulation results of 
reservoir model with OHMs and P-n-P completions. 
 
 
4.6.2.2. Simulation results analysis of the impact of ENSE on reservoir model. 
The analysis presented in Section 4.6.2.1 was repeated, including the ENSE for all 
completion types. Figure 4.101 shows the simulation results with ENSE UDF code 
included. Figure 4.102 is the simulation result plot of reservoir model with OH 
completion and ENSE UDF code for reservoir permeability 200, 1,000, and 10,000 D. 
Figure 4.103 is the simulation result plot of reservoir model with OHMs completion and 
ENSE UDF code for reservoir permeability 200, 1000, and 10,000 D. 
Figures 4.101 to 4.103 present the impact of ENSE on gas flowrate for openhole 
and completion models. The flowrate of reservoir models with ENSE UDF code was 
slightly more than reservoir model without ENSE UDF code. Figure 4.104 illustrates 
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Figure 4.102. Simulation result plot of reservoir model with OH completion and ENSE 
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Figure 4.103. Simulation result plot of reservoir model with OHMs completion and 




Figure 4.104. Plot of productivity index ratio of reservoir with and without ENSE for 
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The simulation results shown in Figure 4.104 present the impact of ENSE on the 
productivity index for both completion types. The productivity index ratio with ENSE of 
both completion types increases at low ranges of reservoir permeability. These results are 
the same direction with the impact of ENSE on core model simulation in Section 4.6.1. In 
the additions, Figure 4.105 depicts productivity index ratio plot of reservoir model with 





Figure 4.105. Plot of productivity index ratio with and without ENSE of reservoir model 
with OH and OHMs completions for low ranges of reservoir pressure. 
 
 
Productivity ratios of reservoir model were affected by including ENSE in low 
ranges of reservoir pressure for both completion types and reservoir permeability ranges 
as shown in Figures 4.104 and 4.105. The ratios of productivity index were increased, 
when reservoir pressures were reduced especially at pressure ranges between 200 and 500 
psi. These results are the same direction with the simulation results of core model with 
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the adding term of ENSE helps improve the simulation results for the low ranges of 
reservoir pressure. However, the main challenge of including ENSE UDF code is the 
computational time required. The computational time of models with ENSE code was 
approximately two to three times more than the computational time for default CFD 





5. SUMMARY AND CONCLUSIONS 
 
This section describes summary of the research and research contributions, and 
conclusions from the work. 
 
5.1. RESEARCH SUMMARY AND CONTRIBUTIONS 
The work conducted and presented in this dissertation investigated the feasibility 
of using CFD modeling to simulate gas flow from extremely low permeability shale.  
The work used core samples from the Huai Hin Lat formation in Thailand. These 
core samples were analyzed for fundamental rock properties and geomechanical 
properties. Flow experiments using the core samples were conducted, and analyzed with 
the pulse decay and MICP analysis to determine permeability parallel and perpendicular 
to the bedding plane, a pore characteristics, respectively. Results of the flow experiments 
provided a basis for calibrating the CFD models developed in the research. 
CT scans were performed on multiple planes through three core samples, and 
analyzed with a seismic analysis method, to identify internal natural fractures within core 
samples. These fractures were manually added to the CFD core models to evaluate their 
flow contribution. 
CFD models were built and meshed for the three cores and evaluated under 
different flow conditions. The first condition assumed no fractures in the core, the second 
condition added the fractures identified by CT scanning, and the third condition applied a 
parametric study of varying anisotropic permeability to match the fractured core model to 
experimental flow results. All three of these approaches used the CNSE inherent in CFD. 
The fourth condition added the ENSE UDF, developed in the research. This function was 
introduced by Rajamani (2013) for another industry in 2-D, but was developed and 
applied in 3-D in this work. 
Because one goal of the research was to compare productivity for different 
horizontal well completions producing from shale, a reservoir model with a horizontal 
well was built in CFD according to properties previously defined this study and historical 
work. An openhole completion was defined as the base case. One transverse fracture was 
introduced into the horizontal well model, and flow simulations were made for openhole 
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completion, an OHMs completion and a P-n-P completion. This work was compared to 
the work of Augustine (2011).  
 
5.2. CONCLUSIONS 
Several conclusions are made from this study as follows. 
1. Huai Hin Lat samples were found to have porosity, permeability, TOC, 
Young’s modulus and Poisson’s ratios similar to other productive shale formations in 
North America. However, it is recognized that the samples analyzed in this work were 
from outcrops, and that fresh subsurface core should be analyzed to confirm the vales 
obtained in this work. 
2. Seven core samples were collected from outcrops. Through the course of this 
work, some samples failed or were destroyed. Only three cores survived to the end of the 
study. It is recommended that any future work gather a larger number of core samples. 
3. The pulse decay method provided acceptable measurements of gas (air) flow 
permeability in the Huai Hin Lat core samples. Because of the very low permeability of 
the samples, the flow times required were very long, and required many weeks of careful 
monitoring.   
4. CT scanning was useful in identifying the fractures within the cores. Fifteen 
planes were used to identify fracture size and morphology. This is an approximate way of 
describing the internal fractures, but believed adequate for the research. 
5. Fractures identified from the CT analysis were successfully constructed inside 
the CFD core models. However, these fractures were found to reduce the overall mesh 
quality, particular in the most complex fractured sample.   
6. RTA was a useful way to identify end of linear flow in the core flow 
experiments, and to provide direction in values of anisotropic permeability for the cores. 
7. The core model CFD flow simulations from this research were able to match 
experiment flow results, when fractures and the correct anisotropic permeability were 
used.   
8. The ENSE programmed to the UDF and added to the flow simulations created 
a small (~1%) difference. Flowrates including the ENSE were slightly higher than flow 
simulations with the CNSE. This indicates that diffusive flow is not a significant part of 
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the flow from extremely low permeability. Ignoring this component in future modeling 
efforts should not introduce large errors over the range of permeability and pressures of 
interest. 
9. Introducing the ENSE increases computation time by a factor of 2 or 3.  
10. A fractured horizontal well CFD model provided a useful comparison to 
evaluate completion options (OHMs vs P-n-P), which followed the same trend as the 
work of Augustine, 2011. However, it was only possible to compare the completions 
using simulations with CNSE. Computational time was unreasonable for the cased, P-n-P 
completion using the ENSE, and could not be completed. 
 
5.3. FUTURE WORK 
This study covered many aspects in the research, but there are several suggested 
for future work. These include: 
1. Analyze fresh, subsurface core samples from the Huai Hin Lat formation for 
rock properties, geomechanical properties, TOC, clay content, porosity and pore 
structure, and permeability. 
2. Extend this work to perform a complete parametric study of reservoir 
permeability, fracture geometry, fracture conductivity, and other factors, for both OHMs 
and P-n-P completions 
3. Include more completion components in the lateral, and depending on 
computation resources, extend the length of the lateral and reservoir within the horizontal 
well model used for completion comparisons. 
4. Research characterizing adsorbed and absorbed gas during the experimental 
process. Fresh core may make it possible to characterize adsorbed and absorbed gas from 
shale sample. Moreover, the relationship of Langmuir isotherm should be applied into 
CFD simulation using user define function as well as ENSE, and the UDF source code of 















































A1. EXPERIMENTAL RESULTS FOR PERMEABILITY DETERMINATION 
 
 
Table A1.1. The upstream and downstream pressure versus time data of sample HHL-1. 
 






minute psi psi 
0 232 0 
60 232 2.1 
123 232 4 
538 232 16 
608 232 17.6 
668 232 19.1 
724 232 19.2 
791 232 20.9 
871 232 23.1 
946 232 25.2 
1035 232 27.4 
1111 232 29.4 
1259 232 32.9 
1331 232 34.6 
1438 232 37.3 
1534 232 39.6 
1947 232 48.8 
2214 231 53.9 
2286 231 55.4 
2443 231 58.5 
2517 231 60.2 
2646 231 62.3 
2761 230 64.4 
3228 230 66.3 
3270 230 67.1 
4692 230 78.2 
4794 230 80 
4884 228 81.5 
4969 228 82.9 
5039 228 84.2 
5161 228 86.7 
5270 228 88.7 
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Table A1.1. The upstream and downstream pressure versus time data of sample HHL-1 
(con’t). 
 






minute psi psi 
5403 228 90.8 
6034 228 99 
6104 228 100 
6214 228 101.4 
6339 228 103.4 
6484 228 106 
6583 228 107.6 
6694 228 109 
6754 228 109.9 
6815 228 110.6 
7424 228 115.8 
7524 228 116.8 
7657 228 117.8 
7779 228 119.6 
7869 228 120.8 
8034 228 122.6 
8144 228 123.8 
8254 228 125 
8940 228 131.9 
9075 228 133.2 
9183 228 134.3 
9303 228 135.8 
9480 228 137.1 
9591 228 137.7 
9694 228 138.5 
10404 228 130.4 
10508 228 128.2 
10607 228 127.8 
10725 228 132.3 
10809 228 133.5 
10942 228 134.8 
11031 228 135.7 
11160 228 137 
11860 226 137.8 
11985 226 138 
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Table A1.1. The upstream and downstream pressure versus time data of sample HHL-1 
(con’t). 
 






minute psi psi 
12104 226 141.8 
12227 226 143.5 
12348 226 144.7 
12505 226 144.6 
12574 226 144.8 
13335 226 136.1 
13428 226 133.3 
13557 226 131 
13676 226 131.5 
13721 226 132.6 
13834 226 134 
14327 226 141.4 
15023 226 145.8 
16458 226 153.7 
18017 226 161 
18365 226 164.2 
19000 226 169.1 
19927 226 172.7 
21838 226 176.8 
22570 226 178.8 
23048 226 180 
23753 226 180.7 
25741 225 181.3 
26013 225 181.9 















Table A1.2. The upstream and downstream pressure versus time data of sample HHL-2. 
 






minute psi psi 
0 450 0 
98 450 39 
158 450 63 
224 450 87 
284 450 109 
344 450 131 
404 450 150 
468 450 169 
566 450 198 
789 450 258 
849 450 271 
912 450 287 
972 450 301 
1037 450 315 
1097 450 328 
1234 450 352 
1295 450 363 
1355 450 418 
1425 450 420 





















Table A1.3. The pressure and downstream pressure versus time data of sample HHL-3. 
 






minute psi psi 
0 230 0 
60 230 10 
120 230 18 
190 230 29 
250 229 37 
310 229 43 
370 229 51 
465 229 61 
525 229 67 
625 229 77 
685 229 83 
745 229 88 
825 229 94 
885 229 99 
1035 229 110 
1245 229 123 
1320 229 126 
1440 227 131 
1620 227 139 
1683 227 142 
1747 227 147 
1815 227 147 
2049 227 155 
2145 227 158 
2205 227 161 
2265 227 164 
2335 227 164 
2695 227 175 
2767 227 175 
2825 227 175 
2885 227 177 
2952 227 177 
3015 227 180 





Table A1.3. The upstream and downstream pressure versus time data of sample HHL-3 
(con’t). 
 






minute psi psi 
3565 227 188 
4205 227 193 
4325 227 196 
4565 227 199 
4805 227 201 
5106 227 207 
5604 227 204 
5962 227 206 
6147 227 207 
6395 227 209 
6515 227 210 
7070 227 212 
7320 227 212 
7465 227 212 


























Table A1.4. The upstream and downstream pressure versus time data of sample HHL-4. 
 






minute psi psi 
0 203 0 
66 204 2 
235 204 12 
308 203 16 
428 203 23 
498 203 28 
617 204 34 
677 203 37 
1077 203 57 
1156 202 60 
1233 202 64 
1345 202 69 
1405 202 72 
1537 202 77 
1752 201 86 
1938 201 92 
2058 201 96 
2591 201 115 
2740 200 119 
2860 201 122 
2980 200 125 
3124 200 127 
3259 200 131 
3410 200 135 
3530 200 137 
4014 200 148 
4142 200 150 
4310 200 152 
4400 200 154 
4546 200 155 
4751 200 158 
4871 199 160 
5073 200 164 
5485 200 168 




Table A1.4. The upstream and downstream pressure versus time data of sample HHL-4 
(con’t). 
 






minute psi psi 
5770 200 171 
5950 200 173 
6154 200 174 
6282 200 175 
6426 200 177 
6945 200 180 
7070 200 182 
7180 200 183 
7372 200 184 
7540 200 185 
7704 200 187 
7920 200 188 
8380 200 188 
8686 200 190 
8885 200 190 
9291 199 190 
9799 199 191 
10109 199 192 
10511 198 192 




















Table A1.5. The upstream and downstream pressure versus time data of sample HHL-5. 
 






minute psi psi 
0 224 0 
58 224 0 
131 224 14 
195 224 26 
263 224 39 
496 224 79 
593 224 94 
653 224 102 
713 224 111 
783 224 118 
1143 222 154 
1213 222 160 
1273 222 164 
1333 222 167 
1400 222 170 
1463 222 173 
1874 222 188 
2013 222 193 
2083 220 195 
2153 220 197 
2653 220 205 
2773 210 206 


















Table A1.6. The upstream and downstream pressure versus time data of sample HHL-6. 
 






minute psi psi 
0 225 0 
60 225 13 
120 224 29 
180 224 45 
240 224 62 
300 224 72 
360 223 86 
420 223 94 
480 223 105 
540 223 116 
600 223 121 
750 223 140 
1098 223 170 
1140 223 172 
1200 223 175 
1275 223 180 
1335 223 183 
1395 223 186 
1455 223 188 
1526 223 191 
1580 223 194 
1640 223 196 
1700 223 199 
1760 223 199 
1860 223 202 
1980 223 204 
2040 223 207 
2160 223 207 
2580 221 212 
2720 221 212 
2825 221 212 
2940 221 215 
3060 221 215 
3180 221 215 




Table A1.6. The upstream and downstream pressure versus time data of sample HHL-6 
(con’t). 
 






minute psi psi 
3440 221 218 
3540 221 218 
3660 221 218 







































Table A1.7. The upstream and downstream pressure versus time data of sample HHL-7. 
 






min psi psi 
0 205 0 
60 205 12 
120 205 20 
180 205 31 
240 205 40 
300 205 48 
335 205 54 
395 205 62 
605 205 87 
635 205 90 
708 205 99 
768 204 102 
828 204 110 
888 204 116 
948 204 122 
1008 204 127 
1068 202 130 
1128 202 136 
1190 202 141 
1352 202 148 
1413 202 154 
1470 202 158 
1543 202 161 
1593 202 163 
1662 202 166 
2101 202 180 
2201 202 182 
2313 202 185 
2506 202 188 
2566 202 191 
2675 202 194 
2873 202 195 
2976 202 196 
3036 202 198 




A2. EXPERIMENTAL RESULTS FOR MICP ANALYSIS 
 
 
Table A2.1. The MICP data of sample HHL-2. 
 
Pressure (psi) Pore Diameter (m) % intrusion 
0.50 358.89 0.00 
0.73 246.34 29.17 
0.98 184.68 41.93 
1.97 91.78 54.85 
2.96 61.08 58.22 
3.96 45.66 60.54 
5.46 33.15 62.78 
6.95 26.01 64.30 
8.45 21.40 65.47 
10.46 17.29 66.73 
12.95 13.96 67.97 
15.95 11.34 69.04 
19.95 9.06 70.23 
22.95 7.88 70.86 
24.95 7.25 71.25 
29.95 6.04 72.14 
36.79 4.92 72.94 
47.27 3.83 74.03 
56.65 3.19 74.78 
72.06 2.51 75.79 
86.32 2.10 76.63 
112.12 1.61 77.68 
136.03 1.33 78.52 
172.57 1.05 79.45 
215.57 0.84 80.25 
267.13 0.68 80.93 
327.60 0.55 81.49 
416.39 0.43 82.14 
517.29 0.35 82.67 
637.54 0.28 83.02 
698.58 0.26 83.20 
797.54 0.23 83.51 
987.40 0.18 83.87 
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Table A2.1. The MICP data of sample HHL-2 (con’t). 
 
Pressure (psi) Pore Diameter (m) % intrusion 
1197.11 0.15 84.05 
1296.97 0.14 84.25 
1396.60 0.13 84.35 
1496.51 0.12 84.44 
1596.75 0.11 84.52 
1696.35 0.11 84.67 
1896.35 0.10 84.84 
2046.26 0.09 84.94 
2195.61 0.08 85.03 
2346.35 0.08 85.20 
2495.49 0.07 85.30 
2645.36 0.07 85.39 
2694.64 0.07 85.47 
2845.42 0.06 85.51 
2993.89 0.06 85.59 
3241.68 0.06 85.69 
3490.14 0.05 85.80 
3740.15 0.05 85.91 
3989.38 0.05 86.01 
4239.17 0.04 86.11 
4485.10 0.04 86.23 
4725.25 0.04 86.30 
4984.22 0.04 86.40 
5284.39 0.03 86.50 
5483.91 0.03 86.59 
5732.11 0.03 86.69 
5981.44 0.03 86.73 
6231.09 0.03 86.81 
6482.93 0.03 86.89 
6732.37 0.03 87.00 
6983.52 0.03 87.14 
7484.43 0.02 87.28 
7982.44 0.02 87.38 
8484.00 0.02 87.49 
8983.47 0.02 87.61 
9276.70 0.02 87.72 
9578.59 0.02 87.88 
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Table A2.1. The MICP data of sample HHL-2 (con’t). 
 
Pressure (psi) Pore Diameter (m) % intrusion 
10032.24 0.02 88.05 
10481.41 0.02 88.08 
10979.65 0.02 88.19 
11480.31 0.02 88.38 
11982.35 0.02 88.52 
12582.97 0.01 88.62 
13079.27 0.01 88.83 
13629.48 0.01 89.02 
13976.23 0.01 89.24 
14314.28 0.01 89.27 
14575.16 0.01 89.49 
14978.16 0.01 89.49 
15424.42 0.01 89.87 
15778.32 0.01 89.87 
16178.29 0.01 90.11 
16627.93 0.01 90.31 
16976.48 0.01 90.31 
17326.81 0.01 90.31 
17674.29 0.01 90.41 
18077.31 0.01 90.44 
18424.14 0.01 90.55 
18775.78 0.01 90.55 
19172.35 0.01 90.63 
19777.20 0.01 90.68 
20280.03 0.01 90.70 
20782.29 0.01 90.77 
21184.69 0.01 90.97 
21635.82 0.01 90.97 
22037.10 0.01 91.06 
22638.39 0.01 91.49 
23190.03 0.01 91.65 
23740.70 0.01 91.94 
24091.33 0.01 92.01 
24640.76 0.01 92.28 
25041.13 0.01 92.45 
25441.77 0.01 92.49 
25891.84 0.01 92.74 
232 
 
Table A2.1. The MICP data of sample HHL-2 (con’t). 
 
Pressure (psi) Pore Diameter (m) % intrusion 
26442.29 0.01 92.88 
26943.07 0.01 93.07 
27392.70 0.01 93.29 
27793.26 0.01 93.48 
28243.67 0.01 93.74 
28993.05 0.01 93.86 
29493.96 0.01 94.21 
29993.86 0.01 94.34 
30443.48 0.01 94.60 
30893.75 0.01 94.83 
31294.05 0.01 95.04 
31793.96 0.01 95.14 
32344.50 0.01 95.54 
32894.61 0.01 95.77 
33492.65 0.01 95.81 
33993.86 0.01 96.13 
34644.95 0.01 96.40 
35495.34 0.01 96.68 
36194.34 0.00 96.97 
36987.50 0.00 97.25 
37641.26 0.00 97.25 
38445.66 0.00 97.55 
39194.49 0.00 97.77 
39990.75 0.00 98.09 
40489.47 0.00 98.36 
40992.61 0.00 98.44 
42491.15 0.00 98.58 
43339.87 0.00 98.83 
43988.31 0.00 99.12 
44987.98 0.00 99.37 
46484.54 0.00 99.69 
47983.57 0.00 100.00 
49481.62 0.00 100.00 
50180.66 0.00 100.00 
52972.69 0.00 100.00 
54468.31 0.00 100.00 




Table A2.1. The MICP data of sample HHL-2 (con’t). 
 
Pressure (psi) Pore Diameter (m) % intrusion 
57963.13 0.00 100.00 
59962.84 0.00 100.00 
46100.52 0.00 103.12 
35500.39 0.01 103.12 
37287.07 0.00 106.50 
21009.35 0.01 109.94 
16012.14 0.01 109.94 
12413.86 0.01 109.94 
9614.65 0.02 109.94 
7314.26 0.02 109.94 
5716.99 0.03 109.94 
4308.55 0.04 109.94 
3304.02 0.05 109.94 
2603.09 0.07 109.41 
2002.30 0.09 108.75 
1501.70 0.12 108.00 
1200.80 0.15 107.34 
901.64 0.20 106.58 
702.15 0.26 105.94 
501.03 0.36 105.11 
401.96 0.45 104.39 
302.08 0.60 103.70 
242.67 0.75 103.04 
192.36 0.94 102.50 
147.32 1.23 101.93 
112.72 1.60 101.35 
88.54 2.04 100.89 
67.57 2.68 100.46 
53.34 3.39 100.01 












Table A2.2. The MICP data of sample HHL-5. 
 
Pressure (psi) Pore Diameter (m) % intrusion 
0.51 358.00 0.00 
0.74 245.10 24.67 
0.98 184.80 34.39 
1.98 91.54 46.88 
2.97 60.98 49.15 
3.96 45.66 50.63 
5.46 33.13 52.31 
6.96 26.00 53.38 
8.47 21.35 54.33 
10.47 17.27 55.23 
12.96 13.95 56.13 
15.95 11.34 57.01 
19.95 9.06 57.99 
22.95 7.88 58.55 
24.95 7.25 58.88 
29.95 6.04 59.61 
36.74 4.92 60.07 
46.06 3.93 60.77 
56.09 3.22 61.34 
72.09 2.51 62.11 
85.74 2.11 62.72 
112.80 1.60 63.44 
138.63 1.30 64.17 
171.25 1.06 64.86 
215.19 0.84 65.55 
268.03 0.67 66.09 
326.34 0.55 66.54 
416.73 0.43 67.07 
516.12 0.35 67.51 
636.89 0.28 67.87 
698.05 0.26 68.01 
798.00 0.23 68.28 
987.89 0.18 68.68 
1197.82 0.15 69.00 
1297.49 0.14 69.16 
1397.19 0.13 69.30 
1496.62 0.12 69.49 
235 
 
Table A2.2. The MICP data of sample HHL-5 (con’t). 
 
Pressure (psi) Pore Diameter (m) % intrusion 
1596.45 0.11 69.63 
1696.20 0.11 69.74 
1897.82 0.10 69.94 
2046.01 0.09 70.12 
2196.42 0.08 70.37 
2345.95 0.08 70.55 
2495.04 0.07 70.74 
2644.37 0.07 70.90 
2695.11 0.07 71.03 
2845.51 0.06 71.16 
2989.99 0.06 71.34 
3243.05 0.06 71.72 
3489.96 0.05 71.92 
3740.27 0.05 72.23 
3989.80 0.05 72.54 
4237.99 0.04 72.77 
4488.32 0.04 73.08 
4722.00 0.04 73.39 
4982.66 0.04 73.62 
5283.51 0.03 73.89 
5482.43 0.03 74.16 
5731.97 0.03 74.16 
5981.57 0.03 74.75 
6229.30 0.03 74.95 
6481.94 0.03 75.29 
6732.57 0.03 75.53 
6981.76 0.03 75.82 
7483.47 0.02 76.36 
7983.67 0.02 76.94 
8484.16 0.02 77.56 
8981.60 0.02 78.11 
9279.28 0.02 78.52 
9580.24 0.02 78.98 
10030.40 0.02 79.52 
10481.35 0.02 80.22 
10982.15 0.02 80.92 
11482.99 0.02 81.32 
236 
 
Table A2.2. The MICP data of sample HHL-5 (con’t). 
 
Pressure (psi) Pore Diameter (m) % intrusion 
11980.45 0.02 82.14 
12580.33 0.01 82.99 
13080.74 0.01 83.62 
13629.44 0.01 84.34 
13978.91 0.01 84.98 
14318.66 0.01 85.49 
14575.55 0.01 85.99 
14975.74 0.01 86.34 
15429.36 0.01 86.92 
15777.07 0.01 87.43 
16174.85 0.01 87.98 
16627.19 0.01 88.53 
16977.52 0.01 88.98 
17327.26 0.01 89.43 
17676.06 0.01 89.95 
18076.78 0.01 90.20 
18424.50 0.01 90.63 
18777.24 0.01 91.02 
19174.36 0.01 91.42 
19777.78 0.01 91.88 
20278.36 0.01 92.32 
20783.00 0.01 92.86 
21183.92 0.01 92.94 
21635.98 0.01 93.29 
22037.17 0.01 93.64 
22639.38 0.01 94.02 
23189.48 0.01 94.44 
23741.33 0.01 94.70 
24091.36 0.01 94.92 
24641.25 0.01 95.20 
25041.39 0.01 95.38 
25441.83 0.01 95.65 
25892.93 0.01 95.93 
26442.99 0.01 96.21 
26943.18 0.01 96.32 
27392.71 0.01 96.63 
27792.89 0.01 96.86 
237 
 
Table A2.2. The MICP data of sample HHL-5 (con’t). 
 
Pressure (psi) Pore Diameter (m) % intrusion 
27792.89 0.01 96.86 
28243.09 0.01 96.99 
28993.40 0.01 97.09 
29493.84 0.01 97.13 
29993.39 0.01 97.13 
30443.49 0.01 97.32 
30894.55 0.01 97.57 
31294.51 0.01 97.60 
31794.76 0.01 97.83 
32344.88 0.01 98.07 
32895.22 0.01 98.13 
33495.00 0.01 98.30 
33994.25 0.01 98.42 
34644.27 0.01 98.60 
35494.29 0.01 98.66 
36195.25 0.00 98.87 
36993.35 0.00 99.02 
37645.45 0.00 99.19 
38441.66 0.00 99.33 
39189.89 0.00 99.42 
39994.15 0.00 99.52 
40487.04 0.00 99.79 
40992.50 0.00 99.88 
42494.17 0.00 100.00 
43342.35 0.00 100.00 
43991.57 0.00 100.00 
44991.16 0.00 100.00 
46487.08 0.00 100.00 
47982.63 0.00 100.00 
49482.52 0.00 100.00 
50179.89 0.00 100.00 
52972.04 0.00 100.00 
54468.23 0.00 100.00 
55966.67 0.00 100.00 
57964.18 0.00 100.00 
59961.14 0.00 100.00 
46100.01 0.00 101.80 
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Table A2.2. The MICP data of sample HHL-5 (con’t). 
 
Pressure (psi) Pore Diameter (m) % intrusion 
35498.33 0.01 101.80 
37290.75 0.00 103.73 
21010.47 0.01 106.31 
16010.13 0.01 106.31 
12413.63 0.01 106.31 
9615.27 0.02 106.31 
7313.46 0.02 106.31 
5714.55 0.03 106.31 
4308.05 0.04 105.41 
3303.57 0.05 104.25 
2602.62 0.07 103.11 
2001.14 0.09 101.89 
1501.38 0.12 100.67 
1201.61 0.15 99.76 
901.84 0.20 98.84 
701.15 0.26 98.06 
501.72 0.36 97.26 
402.14 0.45 96.61 
301.44 0.60 95.98 
241.71 0.75 95.43 
191.67 0.94 94.92 
146.95 1.23 94.44 
112.76 1.60 94.05 
87.45 2.07 93.66 
66.76 2.71 93.27 
53.45 3.38 93.01 
31.60 5.72 92.55 

















Table A3.1. The experimental results data of gas flow test under control volume 
condition of sample HHL-4. 
 
Cumulative time Upstream pressure Volume flowrate 
Cumulative 
Volume 
minute psi cc/minute cc 
  784   0 
60 763 0.991 59.48 
120 743 0.567 93.51 
180 723 0.459 121.04 
244 701 0.416 147.64 
548 610 0.344 252.17 
608 595 0.298 270.07 
669 577 0.239 284.65 
729 562 0.285 301.76 
789 547 0.248 316.65 
849 534 0.257 332.05 
919 518 0.219 347.41 
979 505 0.236 361.54 
1041 490 0.247 394.07 
1183 465 0.229 426.6 
1351 435 0.215 462.76 
1439 420 0.162 477.05 
1501 409 0.185 488.54 
1561 401 0.171 498.81 
1639 389 0.145 510.15 
1702 381 0.203 522.97 
1760 374 0.171 532.91 
2167 323 0.138 588.9 
2287 310 0.126 603.97 
2407 297 0.099 615.8 
2467 291 0.089 621.14 
2541 284 0.119 629.94 
2618 277 0.085 636.52 
2700 270 0.110 645.5 
240 
 
Table A3.1. The experimental results data of gas flow test under control volume 
condition of sample HHL-4 (con’t). 
 
Cumulative time Upstream pressure Volume flowrate 
Cumulative 
Volume 
minute psi cc/minute cc 
2820 259 0.069 653.72 
2940 249 0.076 662.8 
3061 241 0.106 675.64 
3181 232 0.078 684.96 
3525 209 0.059 705.15 
3645 202 0.064 712.81 
3790 192 0.047 719.65 
3910 186 0.037 724.13 
4030 179 0.031 727.79 
4150 173 0.066 735.73 
4311 166 0.040 742.2 
4491 157 0.060 749.42 
4611 151 0.052 755.63 
4731 147 0.052 761.87 
5052 134 0.044 775.92 
5177 129 0.044 781.46 
5303 124 0.042 786.7 
5367 122 0.040 789.25 
5515 118 0.041 795.25 
5650 114 0.037 800.19 
5783 110 0.032 804.43 
5913 106 0.031 808.4 
6033 102 0.031 812.09 
6543 90 0.029 827.07 
6668 87 0.025 830.23 
6848 83 0.025 834.81 
7112 77 0.028 842.32 
7293 74 0.020 846.03 
7473 70 0.019 849.47 
7963 62 0.019 858.6 
8331 56 0.015 864.27 
8514 54 0.015 867.06 
8880 50 0.015 872.45 
9400 44 0.014 879.78 
10185 36 0.008 886.04 
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Table A3.1. The experimental results data of gas flow test under control volume 
condition of sample HHL-4 (con’t). 
 
Cumulative time Upstream pressure Volume flowrate 
Cumulative 
Volume 
minute psi cc/minute cc 
10871 32 0.009 892.38 
11151 29 0.006 894.03 
11534 26 0.009 897.33 
11774 25 0.000 897.35 
12234 23 0.004 899.05 
12612 20 0.008 902.09 
12972 19 0.007 904.57 
13702 16 0.001 905.24 
14432 14 0.005 909.19 
15222 12 0.003 911.24 
15942 10 0.002 912.77 
16665 8 0.003 915.05 
17392 7 0.000 915.26 
18112 6 0.001 915.93 
19775 4 0.002 917.83 
21127 4 0.001 918.51 
22608 2 0.004 921.08 
23238 2 0.000 921.08 
23958 2 0.000 921.08 
24682 1 0.000 921.08 



















Table A3.2. The experimental results data of gas flow test under control volume 
condition of sample HHL-6. 
 
Cumulative time Upstream pressure Volume flowrate 
Cumulative 
Volume 
minute psi cc/minute cc 
0 784     
5 637 65.752 328.76 
25 538 9.461 517.97 
55 463 3.471 622.09 
85 416 2.548 698.54 
115 382 1.570 745.65 
145 357 1.167 780.65 
205 319 0.913 835.44 
265 288 0.768 881.5 
385 241 0.565 949.34 
520 205 0.405 1003.96 
580 191 0.330 969.17 
670 172 0.276 989.2 
745 160 0.267 1009.23 
963 130 0.199 1052.64 
1000 127 0.174 1059.06 
1178 110 0.141 1084.22 
1238 105 0.133 1092.19 
1345 99 0.112 1104.16 
1405 94 0.100 1110.16 
1470 91 0.081 1115.43 
1530 86 0.088 1120.73 
1590 83 0.083 1125.69 
1645 80 0.098 1131.07 
1945 69 0.066 1150.97 
2067 63 0.059 1158.13 
2127 61 0.054 1161.36 
2213 58 0.052 1165.86 
2283 55 0.041 1168.72 
2455 52 0.042 1175.98 
2545 49 0.042 1179.77 
2665 47 0.041 1184.71 





Table A3.2. The experimental results data of gas flow test under control volume 
condition of sample HHL-6 (con’t). 
 
Cumulative time Upstream pressure Volume flowrate 
Cumulative 
Volume 
minute psi cc/minute cc 
2846 42 0.018 1189.38 
2907 41 0.029 1191.16 
2967 41 0.046 1193.89 
3151 38 0.029 1199.16 
3492 33 0.018 1205.24 
3688 30 0.017 1208.62 
3883 27 0.021 1212.8 
4060 24 0.019 1216.17 
4310 24 0.011 1218.84 
4430 23 0.014 1220.47 
4816 19 0.005 1222.52 
4965 19 0.008 1223.66 
5115 19 0.014 1225.71 
5339 16 0.011 1228.26 
5459 16 0.007 1229.16 
5641 16 0.002 1229.58 
5800 13 0.011 1231.32 
5925 13 0.010 1232.63 
6487 12 0.003 1234.24 
6692 11 0.006 1235.48 
7072 11 0.002 1236.35 


















Table A3.3. The experimental results data of gas flow test under control volume 
condition of sample HHL-7. 
 
Cumulative time Upstream pressure Volume flowrate 
Cumulative 
Volume 
minute psi cc/minute cc 
0 790   0 
60 757 1.455 87.32 
133 721 1.358 186.48 
210 687 1.251 282.81 
294 648 1.135 378.11 
414 604 1.081 507.79 
534 560 0.950 621.77 
654 521 0.962 737.25 
774 488 0.823 737.25 
1117 402 0.673 967.95 
1237 377 0.589 1038.63 
1382 347 0.518 1113.74 
1502 324 0.473 1170.55 
1622 302 0.421 1221.09 
1742 285 0.379 1266.52 
1903 260 0.343 1321.68 
2083 238 0.295 1374.71 
2203 224 0.313 1374.71 
2323 210 0.347 1416.33 
2649 180 0.286 1509.63 
2769 169 0.203 1534.04 
2895 158 0.207 1560.12 
2959 152 0.185 1571.95 
3107 144 0.184 1599.12 
3242 136 0.167 1621.64 
3375 127 0.097 1634.49 
3505 119 0.149 1653.91 
3625 113 0.151 1672.06 
4135 91 0.081 1713.38 
4260 86 0.080 1723.36 
4380 83 0.061 1730.63 
4440 80 0.059 1734.18 
4524 77 0.079 1740.78 




Table A3.3. The experimental results data of gas flow test under control volume 
condition of sample HHL-7 (con’t). 
 
Cumulative time Upstream pressure Volume flowrate 
Cumulative 
Volume 
minute psi cc/minute cc 
4885 66 0.051 1760.8 
5065 61 0.043 1768.56 
5555 52 0.039 1787.52 
5923 44 0.029 1798.01 
6106 41 0.031 1803.66 
6286 38 0.024 1807.97 
6472 36 0.022 1812.02 
6992 30 0.021 1822.76 
7777 22 0.018 1836.61 
8463 19 0.014 1846.53 
9126 16 0.009 1852.82 
9826 13 0.005 1856.47 
10804 11 0.006 1861.91 
14254 8 0.004 1877.19 




























































FLUENT W/ Fracture 
psi cc/sec cc/sec cc/sec 
784 1.652E-02 2.630E-03 3.309E-03 
763 9.453E-03 2.552E-03 3.199E-03 
743 7.647E-03 2.477E-03 3.104E-03 
723 6.927E-03 2.402E-03 3.005E-03 
701 5.731E-03 2.320E-03 2.898E-03 
610 4.972E-03 1.978E-03 2.454E-03 
595 3.984E-03 1.923E-03 2.383E-03 
577 4.753E-03 1.856E-03 2.296E-03 
562 4.136E-03 1.800E-03 2.224E-03 
547 4.278E-03 1.744E-03 2.152E-03 
534 3.657E-03 1.695E-03 2.089E-03 
518 3.925E-03 1.636E-03 2.012E-03 
518 3.925E-03 1.636E-03 2.012E-03 
505 4.116E-03 1.588E-03 1.950E-03 
490 3.818E-03 1.533E-03 1.894E-03 
465 3.587E-03 1.440E-03 1.759E-03 
435 2.706E-03 1.330E-03 1.617E-03 
420 3.089E-03 1.275E-03 1.546E-03 
409 2.853E-03 1.235E-03 1.495E-03 
401 2.423E-03 1.206E-03 1.457E-03 
389 3.392E-03 1.161E-03 1.401E-03 
381 2.856E-03 1.133E-03 1.365E-03 
374 2.293E-03 1.107E-03 1.331E-03 
323 2.093E-03 9.025E-04 1.096E-03 
310 1.643E-03 8.752E-04 1.037E-03 
297 1.483E-03 8.288E-04 9.792E-04 
291 1.982E-03 8.072E-04 9.521E-04 
284 1.424E-03 7.829E-04 9.211E-04 
277 1.825E-03 7.562E-04 8.894E-04 
270 1.142E-03 7.331E-04 8.589E-04 
259 1.261E-03 6.945E-04 8.103E-04 
249 1.769E-03 6.595E-04 7.668E-04 















FLUENT W/ Fracture 
psi cc/sec cc/sec cc/sec 
232 9.782E-04 6.006E-04 6.939E-04 
209 1.064E-03 5.220E-04 5.970E-04 
202 7.862E-04 4.981E-04 5.681E-04 
192 6.222E-04 4.646E-04 5.272E-04 
186 5.083E-04 4.492E-04 5.030E-04 
179 1.103E-03 4.219E-04 4.754E-04 
173 6.698E-04 4.022E-04 4.512E-04 
166 1.003E-03 3.797E-04 4.242E-04 
166 1.003E-03 3.797E-04 4.242E-04 
157 8.625E-04 3.508E-04 3.899E-04 
151 8.667E-04 3.319E-04 3.676E-04 
147 7.295E-04 3.191E-04 3.525E-04 
134 7.387E-04 2.793E-04 3.057E-04 
129 6.931E-04 2.643E-04 2.880E-04 
124 6.641E-04 2.493E-04 2.710E-04 
122 6.757E-04 2.433E-04 2.641E-04 
118 6.099E-04 2.318E-04 2.505E-04 
114 5.313E-04 2.203E-04 2.373E-04 
110 5.090E-04 2.089E-04 2.248E-04 
106 5.125E-04 1.976E-04 2.245E-04 
102 4.895E-04 1.865E-04 1.991E-04 
90 4.213E-04 1.544E-04 1.632E-04 
87 4.241E-04 1.467E-04 1.546E-04 
83 4.741E-04 1.365E-04 1.435E-04 
77 3.416E-04 1.218E-04 1.273E-04 
74 3.185E-04 1.146E-04 1.194E-04 
70 3.105E-04 1.052E-04 1.093E-04 
62 2.568E-04 8.732E-05 9.016E-05 
56 2.541E-04 7.472E-05 7.673E-05 
54 2.454E-04 7.030E-05 7.249E-05 
50 2.349E-04 6.284E-05 6.422E-05 















FLUENT W/ Fracture 
psi cc/sec cc/sec cc/sec 
36 1.540E-04 3.831E-05 3.875E-05 
32 9.821E-05 3.220E-05 3.249E-05 
29 1.436E-04 2.789E-05 2.808E-05 
26 1.389E-06 2.383E-05 2.397E-05 
25 6.159E-05 2.470E-05 2.646E-05 
23 1.340E-04 2.003E-05 2.012E-05 
20 1.148E-04 1.649E-05 1.653E-05 
19 1.530E-05 1.537E-05 1.540E-05 
16 9.018E-05 1.218E-05 1.220E-05 
14 4.325E-05 1.021E-05 1.022E-05 
12 3.542E-05 8.366E-06 8.370E-06 
10 5.256E-05 6.649E-06 6.646E-06 
7 2.862E-05 4.311E-06 4.306E-06 
4 1.450E-05 2.266E-06 2.261E-06 




























Flowrate at anisotropic permeability 
1:1 1:2 1:4 1:6 
psi cc/sec cc/sec cc/sec cc/sec 
784 3.309E-03 4.161E-03 5.294E-03 6.005E-03 
763 3.199E-03 4.022E-03 5.094E-03 5.796E-03 
743 3.104E-03 3.905E-03 4.934E-03 5.617E-03 
723 3.005E-03 3.785E-03 4.779E-03 5.441E-03 
701 2.898E-03 3.646E-03 4.608E-03 5.245E-03 
610 2.454E-03 3.090E-03 3.904E-03 4.443E-03 
595 2.383E-03 3.000E-03 3.789E-03 4.309E-03 
577 2.296E-03 2.890E-03 3.648E-03 4.150E-03 
562 2.224E-03 2.799E-03 3.536E-03 4.019E-03 
547 2.152E-03 2.708E-03 3.421E-03 3.889E-03 
534 2.089E-03 2.631E-03 3.321E-03 3.774E-03 
518 2.012E-03 2.534E-03 3.200E-03 3.636E-03 
518 2.012E-03 2.534E-03 3.200E-03 3.636E-03 
505 1.950E-03 2.455E-03 3.099E-03 3.522E-03 
490 1.894E-03 2.365E-03 2.988E-03 3.394E-03 
465 1.759E-03 2.213E-03 2.797E-03 3.179E-03 
435 1.617E-03 2.037E-03 2.571E-03 2.919E-03 
420 1.546E-03 1.947E-03 2.458E-03 2.794E-03 
409 1.495E-03 1.881E-03 2.375E-03 2.701E-03 
401 1.457E-03 1.834E-03 2.314E-03 2.635E-03 
389 1.401E-03 1.763E-03 2.226E-03 2.532E-03 
381 1.365E-03 1.717E-03 2.167E-03 2.467E-03 
374 1.331E-03 1.677E-03 2.115E-03 2.409E-03 
323 1.096E-03 1.381E-03 1.741E-03 1.979E-03 
310 1.037E-03 1.306E-03 1.649E-03 1.875E-03 
297 9.792E-04 1.232E-03 1.555E-03 1.770E-03 
291 9.521E-04 1.199E-03 1.512E-03 1.720E-03 
284 9.211E-04 1.160E-03 1.462E-03 1.665E-03 
277 8.894E-04 1.120E-03 1.410E-03 1.609E-03 
270 8.589E-04 1.082E-03 1.363E-03 1.553E-03 
259 8.103E-04 1.020E-03 1.286E-03 1.464E-03 
249 7.668E-04 9.654E-04 1.216E-03 1.387E-03 
241 7.321E-04 9.215E-04 1.162E-03 1.325E-03 
232 6.939E-04 8.734E-04 1.100E-03 1.254E-03 
209 5.970E-04 7.517E-04 9.461E-04 1.082E-03 
251 
 





Flowrate at anisotropic permeability 
1:1 1:2 1:4 1:6 
psi cc/sec cc/sec cc/sec cc/sec 
202 5.681E-04 7.151E-04 9.010E-04 1.003E-03 
192 5.272E-04 6.637E-04 8.357E-04 9.577E-04 
186 5.030E-04 6.331E-04 7.976E-04 9.043E-04 
179 4.754E-04 5.985E-04 7.531E-04 8.588E-04 
173 4.512E-04 5.685E-04 7.155E-04 8.080E-04 
166 4.242E-04 5.344E-04 6.725E-04 8.080E-04 
166 4.242E-04 5.344E-04 6.725E-04 7.419E-04 
157 3.899E-04 4.909E-04 6.185E-04 6.988E-04 
151 3.676E-04 4.627E-04 5.817E-04 6.713E-04 
147 3.525E-04 4.440E-04 5.588E-04 5.814E-04 
134 3.057E-04 3.849E-04 4.841E-04 5.487E-04 
129 2.880E-04 3.626E-04 4.564E-04 5.159E-04 
124 2.710E-04 3.411E-04 4.290E-04 5.016E-04 
122 2.641E-04 3.324E-04 4.184E-04 4.771E-04 
118 2.505E-04 3.158E-04 3.966E-04 4.520E-04 
114 2.373E-04 2.990E-04 3.757E-04 4.271E-04 
110 2.248E-04 2.826E-04 3.551E-04 4.031E-04 
106 2.245E-04 2.666E-04 3.353E-04 3.790E-04 
102 1.991E-04 2.507E-04 3.155E-04 3.104E-04 
90 1.632E-04 2.055E-04 2.586E-04 2.944E-04 
87 1.546E-04 1.947E-04 2.448E-04 2.731E-04 
83 1.435E-04 1.806E-04 2.273E-04 2.421E-04 
77 1.273E-04 1.602E-04 2.013E-04 2.274E-04 
74 1.194E-04 1.503E-04 1.891E-04 2.081E-04 
70 1.093E-04 1.377E-04 1.730E-04 1.715E-04 
62 9.016E-05 1.135E-04 1.426E-04 1.460E-04 
56 7.673E-05 9.658E-05 1.215E-04 1.381E-04 
54 7.249E-05 9.129E-05 1.147E-04 1.223E-04 
50 6.422E-05 8.089E-05 1.016E-04 1.003E-04 
44 5.266E-05 6.634E-05 8.328E-05 7.387E-05 
36 3.875E-05 4.882E-05 6.138E-05 6.199E-05 
32 3.249E-05 4.089E-05 5.146E-05 5.360E-05 
29 2.808E-05 3.540E-05 4.456E-05 4.577E-05 









Flowrate at anisotropic permeability 
1:1 1:2 1:4 1:6 
psi cc/sec cc/sec cc/sec cc/sec 
25 2.646E-05 2.856E-05 3.592E-05 3.843E-05 
23 2.012E-05 2.535E-05 3.190E-05 3.159E-05 
20 1.653E-05 2.084E-05 2.622E-05 2.946E-05 
19 1.540E-05 1.940E-05 2.444E-05 2.334E-05 
16 1.220E-05 1.538E-05 1.938E-05 1.959E-05 
14 1.022E-05 1.289E-05 1.626E-05 1.606E-05 
12 8.370E-06 1.055E-05 1.331E-05 1.276E-05 
10 6.646E-06 8.374E-06 1.057E-05 8.277E-06 
7 4.306E-06 5.434E-06 6.851E-06 4.341E-06 
4 2.261E-06 2.857E-06 3.607E-06 2.046E-06 




































FLUENT W/ Fracture FLUENT W/ Fracture +UDF 
psi cc/sec cc/sec 
784 6.005E-03 6.037E-03 
763 5.796E-03 5.849E-03 
743 5.617E-03 5.670E-03 
723 5.441E-03 5.492E-03 
701 5.245E-03 5.295E-03 
610 4.443E-03 4.487E-03 
595 4.309E-03 4.354E-03 
577 4.150E-03 4.197E-03 
562 4.019E-03 4.062E-03 
547 3.889E-03 3.930E-03 
534 3.774E-03 3.816E-03 
518 3.636E-03 3.676E-03 
518 3.636E-03 3.676E-03 
505 3.522E-03 3.562E-03 
490 3.394E-03 3.431E-03 
465 3.179E-03 3.213E-03 
435 2.919E-03 2.953E-03 
420 2.794E-03 2.824E-03 
409 2.701E-03 2.730E-03 
401 2.635E-03 2.661E-03 
389 2.532E-03 2.558E-03 
381 2.467E-03 2.490E-03 
374 2.409E-03 2.431E-03 
323 1.979E-03 2.002E-03 
310 1.875E-03 1.894E-03 
297 1.770E-03 1.787E-03 
291 1.720E-03 1.738E-03 
284 1.665E-03 1.681E-03 
277 1.609E-03 1.624E-03 
270 1.553E-03 1.567E-03 
259 1.464E-03 1.479E-03 
249 1.387E-03 1.399E-03 
241 1.325E-03 1.336E-03 
232 1.254E-03 1.266E-03 
209 1.082E-03 1.089E-03 
254 
 





FLUENT W/ Fracture FLUENT W/ Fracture +UDF 
psi cc/sec cc/sec 
202 1.003E-03 1.036E-03 
192 9.577E-04 9.616E-04 
186 9.043E-04 9.174E-04 
179 8.588E-04 8.665E-04 
173 8.080E-04 8.234E-04 
166 8.080E-04 7.738E-04 
166 7.419E-04 7.738E-04 
157 6.988E-04 7.111E-04 
151 6.713E-04 6.700E-04 
147 5.814E-04 6.430E-04 
134 5.487E-04 5.574E-04 
129 5.159E-04 5.254E-04 
124 5.016E-04 4.940E-04 
122 4.771E-04 4.815E-04 
118 4.520E-04 4.570E-04 
114 4.271E-04 4.329E-04 
110 4.031E-04 4.092E-04 
106 3.790E-04 3.859E-04 
102 3.104E-04 3.631E-04 
90 2.944E-04 2.975E-04 
87 2.731E-04 2.819E-04 
83 2.421E-04 2.615E-04 
77 2.274E-04 2.320E-04 
74 2.081E-04 2.177E-04 
70 1.715E-04 1.993E-04 
62 1.460E-04 1.643E-04 
56 1.381E-04 1.399E-04 
54 1.223E-04 1.321E-04 
50 1.003E-04 1.170E-04 
44 7.387E-05 9.594E-05 
36 6.199E-05 7.058E-05 
32 5.360E-05 5.915E-05 
29 4.577E-05 5.113E-05 
26 4.334E-05 4.360E-05 
25 3.843E-05 4.121E-05 
255 
 





FLUENT W/ Fracture FLUENT W/ Fracture +UDF 
psi cc/sec cc/sec 
23 3.159E-05 3.658E-05 
20 2.946E-05 3.006E-05 
19 2.334E-05 2.800E-05 
16 1.959E-05 2.216E-05 
14 1.606E-05 1.856E-05 
12 1.276E-05 1.520E-05 
10 8.277E-06 1.206E-05 
7 4.341E-06 7.814E-06 
4 2.046E-06 4.102E-06 








































FLUENT W/O Fracture  FLUENT W/ Fracture  
psi cc/sec cc/sec cc/sec 
784 1.096E+00 8.828E-03 1.160E-02 
637 1.577E-01 6.966E-03 9.043E-03 
538 5.784E-02 5.727E-03 7.344E-03 
463 4.247E-02 4.796E-03 6.047E-03 
416 2.617E-02 4.217E-03 5.286E-03 
382 1.944E-02 3.800E-03 4.726E-03 
357 1.522E-02 3.495E-03 4.314E-03 
319 1.279E-02 3.036E-03 3.708E-03 
288 9.422E-03 2.664E-03 3.219E-03 
241 6.743E-03 2.112E-03 2.498E-03 
205 5.508E-03 1.699E-03 1.973E-03 
191 4.607E-03 1.541E-03 1.774E-03 
172 4.451E-03 1.332E-03 1.516E-03 
160 3.319E-03 1.203E-03 1.357E-03 
130 2.892E-03 8.912E-04 9.812E-04 
127 2.356E-03 8.608E-04 9.467E-04 
110 2.214E-03 6.961E-04 7.529E-04 
105 1.864E-03 6.490E-04 6.997E-04 
99 1.667E-03 5.941E-04 6.361E-04 
94 1.351E-03 5.492E-04 5.861E-04 
91 1.472E-03 5.227E-04 5.558E-04 
86 1.378E-03 4.799E-04 5.081E-04 
83 1.630E-03 4.543E-04 4.802E-04 
80 1.106E-03 4.296E-04 4.523E-04 
69 9.781E-04 3.425E-04 3.567E-04 
63 8.972E-04 2.978E-04 3.083E-04 
61 8.721E-04 2.832E-04 2.931E-04 
58 6.810E-04 2.623E-04 2.704E-04 
55 7.035E-04 2.418E-04 2.486E-04 
52 7.019E-04 2.219E-04 2.275E-04 
49 6.525E-04 2.026E-04 2.072E-04 
47 2.937E-04 1.901E-04 1.942E-04 













FLUENT W/O Fracture  FLUENT W/ Fracture  
psi cc/sec cc/sec cc/sec 
41 4.774E-04 1.546E-04 1.573E-04 
38 2.972E-04 1.381E-04 1.400E-04 
33 2.874E-04 1.120E-04 1.131E-04 
30 3.573E-04 9.746E-05 9.812E-05 
27 2.358E-04 8.368E-05 8.406E-05 
24 2.264E-04 7.077E-05 7.094E-05 
23 1.275E-04 6.648E-05 6.675E-05 
19 1.045E-04 5.114E-05 5.111E-05 
16 1.790E-04 4.053E-05 4.048E-05 
13 4.775E-05 3.087E-05 3.076E-05 
12 3.598E-05 2.784E-05 2.774E-05 




























Table B.5. Simulation results of sample HHL-6 core model for anisotropic permeability. 
 
Upstream pressure 
Flowrate at anisotropic permeability 
1:1 1:2 1:4 
psi cc/sec cc/sec cc/sec 
784 1.160E-02 8.871E-03 5.599E-03 
637 9.043E-03 6.905E-03 4.339E-03 
538 7.344E-03 5.607E-03 3.516E-03 
463 6.047E-03 4.635E-03 2.899E-03 
416 5.286E-03 4.032E-03 2.513E-03 
382 4.726E-03 3.602E-03 2.249E-03 
357 4.314E-03 3.287E-03 2.054E-03 
319 3.708E-03 2.816E-03 1.758E-03 
288 3.219E-03 2.450E-03 1.526E-03 
241 2.498E-03 1.903E-03 1.186E-03 
205 1.973E-03 1.502E-03 9.329E-04 
191 1.774E-03 1.349E-03 8.406E-04 
172 1.516E-03 1.153E-03 7.164E-04 
160 1.357E-03 1.032E-03 6.416E-04 
130 9.812E-04 7.468E-04 4.647E-04 
127 9.467E-04 7.211E-04 4.500E-04 
110 7.529E-04 5.734E-04 3.561E-04 
105 6.997E-04 5.329E-04 3.319E-04 
99 6.361E-04 4.848E-04 3.008E-04 
94 5.861E-04 4.465E-04 2.789E-04 
91 5.558E-04 4.238E-04 2.651E-04 
86 5.081E-04 3.869E-04 2.415E-04 
83 4.802E-04 3.655E-04 2.868E-04 
80 4.523E-04 3.444E-04 2.149E-04 
69 3.567E-04 2.715E-04 1.685E-04 
63 3.083E-04 2.350E-04 1.463E-04 
61 2.931E-04 2.235E-04 1.395E-04 
58 2.704E-04 2.060E-04 1.288E-04 
55 2.486E-04 1.892E-04 1.182E-04 
52 2.275E-04 1.733E-04 1.082E-04 
49 2.072E-04 1.579E-04 9.844E-05 
47 1.942E-04 1.479E-04 9.213E-05 
42 1.630E-04 1.243E-04 7.722E-05 
41 1.573E-04 1.198E-04 7.485E-05 
38 1.400E-04 1.065E-04 6.657E-05 
259 
 




Flowrate at anisotropic permeability 
1:1 1:2 1:4 
psi cc/sec cc/sec cc/sec 
33 1.131E-04 8.613E-05 5.354E-05 
30 9.812E-05 7.484E-05 4.662E-05 
27 8.406E-05 6.407E-05 3.989E-05 
24 7.094E-05 5.406E-05 3.367E-05 
23 6.675E-05 5.091E-05 3.177E-05 
19 5.111E-05 3.895E-05 2.423E-05 
16 4.048E-05 9.082E-05 1.917E-05 
13 3.076E-05 2.344E-05 1.458E-05 
12 2.774E-05 2.114E-05 1.326E-05 





































FLUENT W/ Fracture FLUENT W/ Fracture +UDF 
psi cc/sec cc/sec 
784 1.160E-02 1.164E-02 
637 9.043E-03 9.085E-03 
538 7.344E-03 7.382E-03 
463 6.047E-03 6.108E-03 
416 5.286E-03 5.320E-03 
382 4.726E-03 4.757E-03 
357 4.314E-03 4.347E-03 
319 3.708E-03 3.732E-03 
288 3.219E-03 3.240E-03 
241 2.498E-03 2.517E-03 
205 1.973E-03 1.986E-03 
191 1.774E-03 1.797E-03 
172 1.516E-03 1.526E-03 
160 1.357E-03 1.366E-03 
130 9.812E-04 9.884E-04 
127 9.467E-04 9.527E-04 
110 7.529E-04 7.585E-04 
105 6.997E-04 7.042E-04 
99 6.361E-04 6.410E-04 
94 5.861E-04 5.899E-04 
91 5.558E-04 5.599E-04 
86 5.081E-04 5.114E-04 
83 4.802E-04 4.830E-04 
80 4.523E-04 4.552E-04 
69 3.567E-04 3.591E-04 
63 3.083E-04 3.105E-04 
61 2.931E-04 2.949E-04 
58 2.704E-04 2.722E-04 
55 2.486E-04 2.502E-04 
52 2.275E-04 2.290E-04 
49 2.072E-04 2.086E-04 
47 1.942E-04 1.954E-04 
42 1.630E-04 1.641E-04 
41 1.573E-04 1.582E-04 
38 1.400E-04 1.408E-04 
261 
 





FLUENT W/ Fracture FLUENT W/ Fracture +UDF 
psi cc/sec cc/sec 
33 1.131E-04 1.137E-04 
30 9.812E-05 9.870E-05 
27 8.406E-05 8.456E-05 
24 7.094E-05 7.133E-05 
23 6.675E-05 6.713E-05 
19 5.111E-05 5.137E-05 
16 4.048E-05 4.066E-05 
13 3.076E-05 3.090E-05 
12 2.774E-05 2.787E-05 








































FLUENT W/O Fracture  FLUENT W/ Fracture  
psi cc/sec cc/sec cc/sec 
790 1.319E-02 7.877E-03 1.006E-02 
757 1.243E-02 7.511E-03 9.532E-03 
721 1.108E-02 7.111E-03 8.998E-03 
687 1.010E-02 6.730E-03 8.497E-03 
648 9.522E-03 6.295E-03 7.927E-03 
604 7.979E-03 5.807E-03 7.283E-03 
560 8.322E-03 5.318E-03 6.639E-03 
521 7.086E-03 4.888E-03 6.075E-03 
488 5.830E-03 4.527E-03 5.601E-03 
402 5.832E-03 3.584E-03 4.374E-03 
377 5.116E-03 3.314E-03 4.024E-03 
347 4.340E-03 2.990E-03 3.604E-03 
324 3.899E-03 2.744E-03 3.289E-03 
302 3.524E-03 2.510E-03 2.990E-03 
285 3.269E-03 2.331E-03 2.759E-03 
260 2.756E-03 2.068E-03 2.427E-03 
238 2.900E-03 1.841E-03 2.140E-03 
224 3.260E-03 1.698E-03 1.964E-03 
210 2.429E-03 1.556E-03 1.786E-03 
180 2.006E-03 1.258E-03 1.422E-03 
169 1.985E-03 1.152E-03 1.293E-03 
158 1.771E-03 1.047E-03 1.168E-03 
152 1.750E-03 9.909E-04 1.101E-03 
144 1.695E-03 9.171E-04 1.012E-03 
136 9.373E-04 8.443E-04 9.265E-04 
127 1.537E-03 7.638E-04 8.321E-04 
119 1.568E-03 6.938E-04 7.514E-04 
113 1.002E-03 6.424E-04 6.924E-04 
91 8.880E-04 4.637E-04 4.904E-04 
86 6.819E-04 4.257E-04 4.482E-04 
83 6.583E-04 4.033E-04 4.233E-04 
80 1.048E-03 3.813E-04 3.993E-04 













FLUENT W/O Fracture  FLUENT W/ Fracture  
psi cc/sec cc/sec cc/sec 
72 5.295E-04 3.243E-04 3.372E-04 
66 5.898E-04 2.837E-04 2.935E-04 
61 5.221E-04 2.515E-04 2.589E-04 
52 3.596E-04 1.968E-04 2.011E-04 
44 4.836E-04 1.527E-04 1.551E-04 
41 3.491E-04 1.373E-04 1.391E-04 
38 3.486E-04 1.225E-04 1.238E-04 
36 3.231E-04 1.130E-04 1.141E-04 
30 2.064E-04 8.637E-05 8.687E-05 
22 1.713E-04 5.546E-05 5.550E-05 
19 8.220E-05 4.528E-05 4.527E-05 
16 5.690E-05 3.590E-05 3.580E-05 
13 7.249E-05 2.733E-05 2.724E-05 
11 4.372E-05 2.208E-05 2.200E-05 





























Flowrate at anisotropic permeability 
1:1 1:1.5 1:2 1:3 
psi cc/sec cc/sec cc/sec cc/sec 
790 1.006E-02 1.145E-02 1.267E-02 1.447E-02 
757 9.532E-03 1.089E-02 1.202E-02 1.370E-02 
721 8.998E-03 1.027E-02 1.135E-02 1.294E-02 
687 8.497E-03 9.690E-03 1.072E-02 1.221E-02 
648 7.927E-03 9.033E-03 9.989E-03 1.139E-02 
604 7.283E-03 8.298E-03 9.177E-03 1.047E-02 
560 6.639E-03 7.568E-03 8.368E-03 9.551E-03 
521 6.075E-03 6.896E-03 7.650E-03 8.737E-03 
488 5.601E-03 6.365E-03 7.048E-03 8.044E-03 
402 4.374E-03 4.946E-03 5.503E-03 6.290E-03 
377 4.024E-03 4.528E-03 5.057E-03 5.783E-03 
347 3.604E-03 4.052E-03 4.537E-03 5.186E-03 
324 3.289E-03 3.659E-03 4.138E-03 4.734E-03 
302 2.990E-03 3.325E-03 3.760E-03 4.305E-03 
285 2.759E-03 3.064E-03 3.474E-03 3.973E-03 
260 2.427E-03 2.647E-03 3.056E-03 3.493E-03 
238 2.140E-03 2.327E-03 2.695E-03 3.083E-03 
224 1.964E-03 2.148E-03 2.418E-03 2.826E-03 
210 1.786E-03 1.949E-03 2.249E-03 2.571E-03 
180 1.422E-03 1.518E-03 1.789E-03 2.047E-03 
169 1.293E-03 1.399E-03 1.627E-03 1.862E-03 
158 1.168E-03 1.286E-03 1.470E-03 1.680E-03 
152 1.101E-03 1.220E-03 1.386E-03 1.584E-03 
144 1.012E-03 1.116E-03 1.275E-03 1.456E-03 
136 9.265E-04 1.017E-03 1.166E-03 1.334E-03 
127 8.321E-04 9.173E-04 1.048E-03 1.198E-03 
119 7.514E-04 8.221E-04 9.454E-04 1.082E-03 
113 6.924E-04 7.620E-04 8.717E-04 9.963E-04 
91 4.904E-04 5.195E-04 6.175E-04 7.059E-04 
86 4.482E-04 4.910E-04 5.645E-04 6.453E-04 
83 4.233E-04 4.685E-04 5.330E-04 6.096E-04 
80 3.993E-04 4.531E-04 5.020E-04 5.748E-04 
77 3.756E-04 4.202E-04 4.725E-04 5.404E-04 
72 3.372E-04 3.751E-04 4.245E-04 4.852E-04 
66 2.935E-04 3.241E-04 3.694E-04 4.224E-04 
265 
 





Flowrate at anisotropic permeability 
1:1 1:1.5 1:2 1:3 
psi cc/sec cc/sec cc/sec cc/sec 
61 2.589E-04 2.861E-04 3.259E-04 3.728E-04 
52 2.011E-04 2.182E-04 2.533E-04 2.894E-04 
44 1.551E-04 1.682E-04 1.950E-04 2.232E-04 
41 1.391E-04 1.541E-04 1.750E-04 2.006E-04 
38 1.238E-04 1.381E-04 1.558E-04 1.781E-04 
36 1.141E-04 1.278E-04 1.436E-04 1.641E-04 
30 8.687E-05 9.583E-05 1.094E-04 1.250E-04 
22 5.550E-05 6.086E-05 6.985E-05 7.989E-05 
19 4.527E-05 5.075E-05 5.700E-05 6.520E-05 
16 3.580E-05 4.040E-05 4.514E-05 5.164E-05 
13 2.724E-05 3.083E-05 3.465E-05 3.928E-05 
11 2.200E-05 2.507E-05 2.770E-05 3.171E-05 

































FLUENT W/ Fracture FLUENT W/ Fracture +UDF 
psi cc/sec cc/sec 
790 1.145E-02 1.154E-02 
757 1.089E-02 1.098E-02 
721 1.027E-02 1.036E-02 
687 9.690E-03 9.787E-03 
648 9.033E-03 9.127E-03 
604 8.298E-03 8.385E-03 
560 7.568E-03 7.647E-03 
521 6.896E-03 6.995E-03 
488 6.365E-03 6.447E-03 
402 4.946E-03 5.035E-03 
377 4.528E-03 4.630E-03 
347 4.052E-03 4.149E-03 
324 3.659E-03 3.784E-03 
302 3.325E-03 3.439E-03 
285 3.064E-03 3.176E-03 
260 2.647E-03 2.794E-03 
238 2.327E-03 2.465E-03 
224 2.148E-03 2.259E-03 
210 1.949E-03 2.056E-03 
180 1.518E-03 1.637E-03 
169 1.399E-03 1.488E-03 
158 1.286E-03 1.343E-03 
152 1.220E-03 1.266E-03 
144 1.116E-03 1.165E-03 
136 1.017E-03 1.066E-03 
127 9.173E-04 9.579E-04 
119 8.221E-04 8.648E-04 
113 7.620E-04 7.969E-04 
91 5.195E-04 5.647E-04 
86 4.910E-04 5.159E-04 
83 4.685E-04 4.874E-04 
80 4.531E-04 4.595E-04 
77 4.202E-04 4.322E-04 
72 3.751E-04 3.882E-04 
66 3.241E-04 3.379E-04 
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FLUENT W/ Fracture FLUENT W/ Fracture +UDF 
psi cc/sec cc/sec 
61 2.861E-04 2.981E-04 
52 2.182E-04 2.316E-04 
44 1.682E-04 1.785E-04 
41 1.541E-04 1.601E-04 
38 1.381E-04 1.425E-04 
36 1.278E-04 1.313E-04 
30 9.583E-05 9.995E-05 
22 6.086E-05 6.386E-05 
19 5.075E-05 5.205E-05 
16 4.040E-05 4.120E-05 
13 3.083E-05 3.132E-05 
11 2.507E-05 2.528E-05 
8 1.700E-05 1.705E-05 
 
 
Table B.10. Data of FLUENT simulation results and flow equation calculation results for 




Flow Equation FLUENT 
psi cc/s cc/s 
10 3.736E-06 3.729E-06 
20 7.472E-06 7.458E-06 
30 1.121E-05 1.119E-05 














Table B.11. Data of FLUENT simulation results and flow equation calculation results for 




Flow Equation FLUENT 
psi cc/s cc/s 
10 2.036E-04 2.067E-04 
20 4.072E-04 4.130E-04 
30 6.108E-04 6.195E-04 
40 8.144E-04 8.260E-04 
 
 
Table B.12. Data of gas flow experiment and simulation results of FLUENT for low 




Volume Flowrate  
Experiment Fluent 
psi cc/s cc/s 
21 11.307 9.3129 
31 17.935 16.231 
40 23.823 23.637 
 
 
Table B.13. Data of gas flow experiment and simulation results of FLUENT for moderate 




Volume Flowrate  
Experiment Fluent 
psi cc/s cc/s 
21 0.09572 0.069613 
31 0.1395 0.12136 







Table B.14. Data of gas flow experiment and simulation results of FLUENT for high 




Volume Flowrate  
Experiment Fluent 
psi cc/s cc/s 
11 0.004897 0.0030751 
19 0.009903 0.006306 
30 0.015442 0.01203 
41 0.0234 0.019102 
 
 
Table B.15. Data of FLUENT simulation results and the fluid flow calculation results 




Darcy Equation FLUENT 
psi Barrel per day Barrel per day 
200 2.353 2.363 
500 2.082 2.087 
800 1.810 1.814 
1000 1.629 1.635 
1200 1.448 1.457 
1600 1.086 1.093 
1800 0.905 0.911 
2000 0.724 0.729 
2200 0.543 0.547 
















Table B.16. Data of FLUENT simulation results and the fluid flow calculation results 




Darcy Equation FLUENT 
psi Cubic feet per day Cubic feet per day 
200 576.5 593.0 
500 507.4 525.8 
800 438.8 457.2 
1000 393.2 411.4 
1200 348.0 365.8 
1500 280.8 297.2 
1700 236.5 251.4 
1800 214.5 228.6 
2000 170.7 182.9 
















































(D) kg/sec kg/sec kg/sec kg/sec kg/sec 
100000 9.175E-02 9.172E-02 2.478E-01 2.480E-01 2.176E-01 
90000 8.257E-02 8.257E-02 2.234E-01 2.240E-01 1.984E-01 
80000 7.339E-02 7.338E-02 1.991E-01 1.998E-01 1.786E-01 
70000 6.421E-02 6.421E-02 1.744E-01 1.751E-01 1.583E-01 
60000 5.503E-02 5.504E-02 1.495E-01 1.502E-01 1.376E-01 
50000 4.585E-02 4.587E-02 1.253E-01 1.261E-01 1.157E-01 
40000 3.667E-02 3.670E-02 1.006E-01 1.013E-01 9.351E-02 
30000 2.750E-02 2.753E-02 7.569E-02 7.624E-02 7.085E-02 
20000 1.833E-02 1.835E-02 5.064E-02 5.101E-02 4.781E-02 
10000 9.170E-03 9.173E-03 2.536E-02 2.559E-02 2.414E-02 
9000 8.253E-03 8.256E-03 2.287E-02 2.304E-02 2.175E-02 
8000 7.335E-03 7.338E-03 2.036E-02 2.049E-02 1.939E-02 
7000 6.418E-03 6.421E-03 1.780E-02 1.794E-02 1.704E-02 
6000 5.502E-03 5.504E-03 1.527E-02 1.538E-02 1.463E-02 
5000 4.584E-03 4.587E-03 1.274E-02 1.282E-02 1.220E-02 
4000 3.667E-03 3.670E-03 1.018E-02 1.026E-02 9.772E-03 
3000 2.750E-03 2.752E-03 7.637E-03 7.698E-03 7.329E-03 
2000 1.833E-03 1.835E-03 5.100E-03 5.134E-03 4.884E-03 
1000 9.170E-04 9.173E-04 2.550E-03 2.567E-03 2.445E-03 
900 8.253E-04 8.256E-04 2.298E-03 2.312E-03 2.201E-03 
800 7.336E-04 7.338E-04 2.042E-03 2.056E-03 1.958E-03 
700 6.419E-04 6.421E-04 1.787E-03 1.798E-03 1.712E-03 
600 5.502E-04 5.504E-04 1.532E-03 1.541E-03 1.467E-03 
500 4.585E-04 4.587E-04 1.276E-03 1.284E-03 1.221E-03 
400 3.668E-04 3.670E-04 1.020E-03 1.027E-03 9.780E-04 
300 2.750E-04 2.752E-04 7.656E-04 7.701E-04 7.337E-04 










Table B.18. Simulation results of reservoir model of all completion types and low 







OH w/ ENSE 
OHMs w/o 
ENSE 
OHMs w/ ENSE 
(psi) kg/sec kg/sec kg/sec kg/sec  
1000 2.394E-05 2.394E-05 6.653E-05 6.697E-05 
900 1.934E-05 1.934E-05 5.374E-05 5.411E-05 
800 1.523E-05 1.523E-05 4.231E-05 4.262E-05 
700 1.161E-05 1.161E-05 3.217E-05 3.243E-05 
600 8.474E-06 8.481E-06 2.355E-05 2.375E-05 
500 5.826E-06 5.833E-06 1.619E-05 1.634E-05 
400 3.659E-06 3.665E-06 1.019E-05 1.029E-05 
300 1.969E-06 1.973E-06 5.479E-06 5.540E-06 
200 7.515E-07 7.535E-07 2.099E-06 2.124E-06 
 
 
Table B.19. Simulation results of reservoir model of all completion types and low 







OH w/ ENSE 
OHMs w/o 
ENSE 
OHMs w/ ENSE 
(psi) kg/sec kg/sec kg/sec kg/sec  
1000 1.197E-04 1.197E-04 3.325E-04 3.348E-04 
900 9.670E-05 9.670E-05 2.687E-04 2.705E-04 
800 7.614E-05 7.616E-05 2.116E-04 2.131E-04 
700 5.804E-05 5.806E-05 1.613E-04 1.626E-04 
600 4.237E-05 4.239E-05 1.177E-04 1.187E-04 
500 2.912E-05 2.915E-05 8.095E-05 8.168E-05 
400 1.829E-05 1.831E-05 5.086E-05 5.135E-05 
300 9.842E-06 9.856E-06 2.738E-05 2.767E-05 












Table B.20. Simulation results of reservoir model of all completion types and low 







OH w/ ENSE 
OHMs w/o 
ENSE 
OHMs w/ ENSE 
(psi) kg/sec kg/sec kg/sec kg/sec  
1000 1.197E-03 1.197E-03 3.313E-03 3.335E-03 
900 9.670E-04 9.670E-04 2.677E-03 2.695E-03 
800 7.614E-04 7.615E-04 2.108E-03 2.123E-03 
700 5.804E-04 5.805E-04 1.606E-03 1.619E-03 
600 4.238E-04 4.239E-04 1.173E-03 1.182E-03 
500 2.913E-04 2.915E-04 8.064E-04 8.134E-04 
400 1.829E-04 1.831E-04 5.068E-04 5.114E-04 
300 9.844E-05 9.855E-05 2.727E-04 2.754E-04 

































In order to apply the extend Navier-Stoke equation proposed by Rajamani (2013) to 
simulate the gas flow for all model in this study, the UDF source codes for additional 
terms in equations 72, 80 and 87 had to provide. All source codes were written using C 
language and the additional terms were incorporated with FLUENT solver as the velocity 





 real x_pos,x[ND_ND]; 
 real 
pressgx,pressgy,pressgz,tempgx,tempgy,tempgz,vis,press,i_press,temp,i_temp,rho; 
 real u,v,w; 
 cell_t c; 
 Thread *t; 
 thread_loop_c(t,d) 
 { 
  begin_c_loop(c,t) 
  { 
   C_CENTROID (x,c,t); 
   x_pos=x[0]; 
   vis = C_MU_L(c,t); 
   rho = C_R(c,t); 
   temp = C_T(c,t); 
   u = C_U(c,t); 
   v = C_V(c,t); 
   w = C_W(c,t); 
   i_temp = 1.0/temp; 
   press = C_P(c,t); 
   i_press = 1.0/press; 
   pressgx = C_P_G(c,t)[0]; 
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   pressgy = C_P_G(c,t)[1]; 
   pressgz = C_P_G(c,t)[2]; 
   if ( NULL != THREAD_STORAGE(t,SV_T_G) ) 
   { 
    tempgx= C_T_G(c,t)[0]; 
    tempgy= C_T_G(c,t)[1]; 
    tempgz= C_T_G(c,t)[2]; 
   } 
   else 
   { 
    tempgx= 293.15; 
    tempgy= 293.15; 
    tempgz= 293.15; 
   }  
        C_UDSI(c,t,0)=(-1*vis)*((pressgx/press)-(0.5*(tempgx/temp))); 
/*mass diffusion in X direction, mx*/ 
        C_UDSI(c,t,1)=(-1*vis)*((pressgy/press)-(0.5*(tempgy/temp))); 
/*mass diffusion in Y direction, my*/ 
        C_UDSI(c,t,2)=(-1*vis)*((pressgz/press)-(0.5*(tempgz/temp))); 
/*mass diffusion in Z direction, mz*/ 
        C_UDSI(c,t,3)=(-1*vis)*((pressgx/press)-
(0.5*(tempgx/temp)))/rho; /*Velocity diffusion in X direction, Ux*/ 
        C_UDSI(c,t,4)=(-1*vis)*((pressgy/press)-
(0.5*(tempgy/temp)))/rho; /*Velocity diffusion in Y direction, Uy*/ 
        C_UDSI(c,t,5)=(-1*vis)*((pressgz/press)-
(0.5*(tempgz/temp)))/rho; /*Velocity diffusion in Z direction, Uz*/ 
       C_UDSI(c,t,6)=((2/3)*vis*((2*C_UDSI_G(c,t,3)[0])-
C_UDSI_G(c,t,4)[1]-C_UDSI_G(c,t,5)[3]))-(C_UDSI(c,t,0)*C_U(c,t))-
(C_UDSI(c,t,0)*C_UDSI(c,t,3));  
       C_UDSI(c,t,7)=(vis*(C_UDSI_G(c,t,3)[1]+C_UDSI_G(c,t,4)[0]))-
(C_UDSI(c,t,1)*C_U(c,t))-(C_UDSI(c,t,1)*C_UDSI(c,t,3));   
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        C_UDSI(c,t,8)=(-1*rho)*C_V(c,t)*C_UDSI_G(c,t,3)[1];  
        C_UDSI(c,t,9)=(vis*(C_UDSI_G(c,t,5)[0]+C_UDSI_G(c,t,3)[2]))-
(C_UDSI(c,t,2)*C_U(c,t))-(C_UDSI(c,t,2)*C_UDSI(c,t,3));  
        C_UDSI(c,t,10)=(-1*rho)*C_W(c,t)*C_UDSI_G(c,t,3)[2];  
       
 C_UDSI(c,t,11)=(vis*(C_UDSI_G(c,t,4)[0]+C_UDSI_G(c,t,3)[1]))-
(C_UDSI(c,t,0)*C_V(c,t))-(C_UDSI(c,t,0)*C_UDSI(c,t,4));  
        C_UDSI(c,t,12)=(-1*rho*C_U(c,t))*C_UDSI_G(c,t,4)[0];  
        C_UDSI(c,t,13)=((2/3)*vis*((2*C_UDSI_G(c,t,4)[1])-
C_UDSI_G(c,t,3)[0]-C_UDSI_G(c,t,5)[2]))-(C_UDSI(c,t,1)*C_V(c,t))-
(C_UDSI(c,t,1)*C_UDSI(c,t,4));  
       
 C_UDSI(c,t,14)=(vis*(C_UDSI_G(c,t,5)[1]+C_UDSI_G(c,t,4)[2]))-
(C_UDSI(c,t,2)*C_V(c,t))-(C_UDSI(c,t,2)*C_UDSI(c,t,4));  
        C_UDSI(c,t,15)=(-1*rho*C_W(c,t))*C_UDSI_G(c,t,4)[2];  
       
 C_UDSI(c,t,16)=(vis*(C_UDSI_G(c,t,5)[0]+C_UDSI_G(c,t,3)[2]))-
(C_UDSI(c,t,0)*C_W(c,t))-(C_UDSI(c,t,0)*C_UDSI(c,t,5));   
        C_UDSI(c,t,17)=(-1*rho*C_U(c,t))*C_UDSI_G(c,t,5)[0];  
       
 C_UDSI(c,t,18)=(vis*(C_UDSI_G(c,t,5)[1]+C_UDSI_G(c,t,4)[2]))-
(C_UDSI(c,t,1)*C_W(c,t))-(C_UDSI(c,t,1)*C_UDSI(c,t,5));   
        C_UDSI(c,t,19)=(-1*rho*C_V(c,t))*C_UDSI_G(c,t,5)[1];  
        C_UDSI(c,t,20)=((2/3)*vis*((2*C_UDSI_G(c,t,5)[2])-
C_UDSI_G(c,t,3)[0]-C_UDSI_G(c,t,4)[1]))-(C_UDSI(c,t,2)*C_W(c,t))-
(C_UDSI(c,t,2)*C_UDSI(c,t,5));  
   } 







   int n; 
   for(n=0; n<n_uds; ++n) uds_derivatives(d, n); 
   /* The UDS gradients are now available */ 
  } 
DEFINE_SOURCE(xmom_src,c,t,dS,eqn) 
{  
 real x_pos,x[ND_ND]; 
 real source; 
  C_CENTROID (x,c,t); 




  dS[eqn]=0; 




 real x_pos,x[ND_ND]; 
 real source; 
  C_CENTROID (x,c,t); 




  dS[eqn]=0; 






 real x_pos,x[ND_ND]; 
 real source; 
  C_CENTROID (x,c,t); 




  dS[eqn]=0; 





 face_t f; 
 cell_t c0; 
 Thread *tc0; 
 real press,i_press,vis,p_grad,rho,T,tempg; 
 begin_f_loop(f,t) 
 { 
  c0 = F_C0(f,t); 
  tc0 = THREAD_T0(t); 
  press = C_P(c0,tc0); 
  p_grad=C_P_G(c0,tc0)[0]; 
  i_press = 1.0/press; 
  vis = C_MU_L(c0,tc0); 
  T=C_T(c0,tc0); 
  rho=C_R(c0,tc0); 
  if ( NULL != THREAD_STORAGE(tc0,SV_T_G) ) 
  { 




  } 
  else 
  { 
   tempg= 293.15; 
  } 
 







 face_t f; 
 cell_t c0; 
 Thread *tc0; 
 real press,i_press,vis,p_grad,rho,T,tempg; 
 begin_f_loop(f,t) 
 { 
  c0 = F_C0(f,t); 
  tc0 = THREAD_T0(t); 
  press = C_P(c0,tc0); 
  p_grad=C_P_G(c0,tc0)[1]; 
  i_press = 1.0/press; 
  vis = C_MU_L(c0,tc0); 
  T=C_T(c0,tc0); 
  rho=C_R(c0,tc0); 
  if ( NULL != THREAD_STORAGE(tc0,SV_T_G) ) 
  { 
   tempg= C_T_G(c0,tc0)[1]; 
  } 
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  else 
  { 
   tempg= 293.15; 
  } 






 face_t f; 
 cell_t c0; 
 Thread *tc0; 
 real press,i_press,vis,p_grad,rho,T,tempg; 
 begin_f_loop(f,t) 
 { 
  c0 = F_C0(f,t); 
  tc0 = THREAD_T0(t); 
  press = C_P(c0,tc0); 
  p_grad=C_P_G(c0,tc0)[2]; 
  i_press = 1.0/press; 
  vis = C_MU_L(c0,tc0); 
  T=C_T(c0,tc0); 
  rho=C_R(c0,tc0); 
  if ( NULL != THREAD_STORAGE(tc0,SV_T_G) ) 
  { 
   tempg= C_T_G(c0,tc0)[2]; 
  } 
  else 
  { 
   tempg= 293.15; 
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  } 
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